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SYNOPSIS 


Investigations were undertaken ( i) to establish the 
relation between structure, micro structure and composition of 
mischmetal ( Indian) -cobalt-iron and mischmetal-cobalt-copper 
systems in the technologically important ccxnposition region 
and ( ii) to develop the technology necessary to produce 
permanent magnets utilising the commercial mischmetal. The 
work is divided into eight chapters. 

Chapter 1 gives a brief review of the existing 
literature on the phase diagrams and phase relationships of 
the binary RE-Co, RE-Fe, RE-Cu and the ternary Sm-Co-Cu alloy 
systens and an up-to-date critical survey of the developmental | 
processes and properties reported for Rare-Earth Cobalt | 

permanent magnets containing mischmetal. 

Chapter 2 is the statement of the problem. The t 

objectives of the work were ( i) to investigate the phase I 

relationships in the MM-Co-Fe and MM-Co-Cu alloy systems in 
the composition region of interest for permanent magnets 
( ii) to characterise the primary magnetic properties of the 
MM-Co-Pe and MM-Co-Cu phases in order to evaluate their 
suitability for permanent magnets and (iii) to study and 
optimise different process parameters to produce MM-Co 
permanent magnets. 

Chapter 3 describes 'the- experimental procedures I 

followed in the phase analysis aid.jthe magnet fabrication. ! 



Alloys for the study were prepared by arc melting in a water 
cooled Cu crucible under Argon atmosphere and subsequently 
homogenised at 900° c in evacuated quartz ampoules. The phases 
were studied by metallography. X-ray diffraction, thermo- 
magnetic analysis and electron- probe micro-analysis. Magnets 
were prepared by powder metallurgy techniques. The as- cast 
alloy buttons were cru^ed to-ysc: mesh and ground to a few 
micron size powder by rod milling under sodium- gette red 
toluene. The powder was dried under a vacuum and field 
pressed in 13 KOe pulse field. The powder compactei were 
sintered under flowing argon atmosphere. The sintered 
pellets were magnetised in a pulse field of 60 KOe and their 
permanent magnet properties were evaluated with a vibrating 
sample magnetometer. 

In Chapter 4 the results of phase relations study 
of the ^BMl»-Co-Fe systan at 900° c are discussed. In MM-Co 
system, six phases, MMCo^/ MM^Co^, MM^Co^g, MMCog, MM^Co^^ 
and p-Co ware identified between 72 and 92 a/o Co, The 
MMCOg# MM^Co^ and MMgCOj^g have very similar X-ray patterns 
and hence they were identified by thermomagnetic analysis 
( TMa) based on their distinct CUrie temperature. The MM 2 CO 7 
phase exists both in the hexagonal and rhombchedral modifi- 
cations, The 2:7, 5:19, 1:5 and 2:17 phases also exist as 
staKte phases at 900° C when Co is partially substituted ty Fe. 
Alloys containing upto 20 a/o Fe were investigated in close 
composition interval of 1 a/o. The 5:19 jhase was found to 



extend up to about 11 a/o Fe while the 2%1 and 1:5 phases 
extend to greater than 11 a/o Fe. A new phase with a of 
340° c was found to coexist with a number of alloys near the 
1:4 composition, A 900° c isothermal section of the ternary 
MM-Co-Fe system between 2:7 and 2:17 stoichiometry (MM/Co) is 
given with alloys containing upto 20 a/o Fe. The phase 
region beyond 12 a/o Fe in the MM-Co-Fe system particularly 
between 2:7 and 1:5 stoichiometric regions seems to be 
complicated because the X“ray results alone could not estab- 
lish the identity of the phases unambiguously. Some of the 
phases in this region have T greater than the safe~limit 

CH 

(700°c) of the TMA apparatus used in this study, of the 
various phases only MMCo^ has an observable homogeneity region 
extending over 2 w/o Co at 900° c. The Miyico^ phase is unstable 
at temperature below 700° c and the addition of Fe increases 
its instability. 

In chapter 5 the primary magnetic properties, 
saturation magnetisation and Curie tomperature of the various 
intermetallic phases identified in the MM-Co-Fe system are 
reported. The 1:3, 2:7, 5:19, 1:5 and 2:17 phases in the 
MM-Co system have T <20° C, 67° C, 280° c, 540° c and >700° c 
respectively. The substitution of Fe for Co increases these 


values further for all these jhases. The MMCog has a 


of 95 emu/g at 20° c and that of m^Co^^ 


phase is 114 emu/g. 


Both the 5:19 and 2:7 phases have a 4it less than 45 emu/g. 

, ■ 'S ■ 



Chapter 6 contains exclusively results on phase 

relations and magnetic properties o£ MM( Co- CSi ) ^ O jSll, 

alloys. Cu can be substituted for Co upto loo% giving rise 

to stable CaCu^ type phase. At low Cu concentration^ 2tl7 

and a new phase coexist with the matrix 1:5 phase at 900° c. 

Both the a and c of the hexagonal 1:5 lattice increase with 

increasing Cu concentration, Cu can be substituted for Co 

upto 15 w/o in the 1:5 phase with a not less than 500° C 

and a 4% M of about 70 emu/g. Beyond 15 w/o both the 4% M 
s s 

and the are considerably reduced. 

Chapter 7 deals with the permanent magnet properties 

of MM-Co alloys. Out of the many process parameters for 

magnet production a selected number of the parameters like, 

alloy composition, milling time, sintering temperature and 

time were studied for MMCo^, 3,5 ^x 4,4,8 alloys. Powder 

compacts were sintered between 960 and 1030° C for 5 m to 60 m 

A maximum of 5250 oe was obtained for MMCo^ ^ alloy 

sintered at 1000° c for 15 m, A 20% substitution of sm to 

MMCo- a alloy Increased the ,H to greater than 11 KOe, The 

X C 

sintered pellets contained invariably considerable amount of 
MM 2 O 2 as revealed x-ray and metallography. The chemical 
analysis of the powder compact and its sintered pellet 
showed same composition but it was different from the compo- 
sition of the as-cast alloy ii^ioating that the oxidation 
should have occurred during the process of powder production. 



chapter 8 is on the conclusiorts and suggestions for 
future work, A summary of the results obtained under 
Chapters 4, 5, 6 and 7 is given. The problem to be solved in 
the high Pe containing MM-Co-Fe alloys and the steps to be 
taken tO'' minimise 'oxidation and improve the permanent magnet 
properties of the MM-Co alloys are given. 



1, INTRODUCTION 


1,1 A Comparison of Different Permanent Magnets 


A pemanent magnet is characterised by its coercivity 
(H ), remanent induction (B ) and maximum energy product 
(( BH) ) , High values for H and B give a magnet with a 

luoX C XT , 

high The (BH)^^^ represents the maximum energy 

storage per unit volume and is the figure of merit often used 

for permanent magnet materials* In Figure 1,1 the progress in 

permanent magnet quality since 1880 as indicated by the value 

of the maximum energy product achieved for various material 

1 

systems is illustrated . it could be seen from this figure 

that the actual development of RE-Co magnet started around 

the year 1965 and the progress made within a decade following 

the year 1965 is spectacular over the erstwhile dominating 

magnets such as alnicos and ferrites. Rare earth cobalt 

magnets basically of two compositions^ RECo^ and Sm 2 ( Co,Fe,Cu) 

have been developed. The demagnetisation curves of selected 

permanent magnet materials are given in Figure 1.2 where it 

could be seen again tha't RECog and RE(Co# cu, Pe, 

alloys have superior damagnetisation curves tr> , those of 

2 

other magnets being used currently . The repelling forces 
of two identical magnets of alnicq, ferrite and a rare earth 


cx»balt magnet ( reccma# 1®5 type) is illustrated in Figure 1.3 

• ' 3 

for a conparison of their strength. The supporting strength 
of the three materials are in .ratios of 1:6,5 s37 respec- 


tively. 
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1.2 Primary Magnetic Properties of RE-Co Phases 


The three primary magnetic properties that determine 
the suitability of a RE-Co phase for permanent magnet poten- 
tial are ( 1) the magnetocrystalline anisotropy constant (K^) 

(2) saturation magnetisation (4'n;M ) and (3) Curie temperature 
(T ). The magnetocrystalline anisotropy constant (K.) is 

d X 

related to magnetocrystalline anisotropy field by = 

where is the field necessary to rotate the magneti- 
sation in a perfect single domain crystal. The H and M 

3 

are the experimentally deteimiined quantities from which is 
deduced. The is determined by plotting the magnetisation 
as a function of fieldfnxa single crystal RE-Co phase along 
its easy and hard axis (crystal direction) of magnetisation. 

The point whore the two curves meet gives the magnitude of 

and it is usually greater than 100 Koe for the RECo^ type 
phases. A favourable combination of the above three magnetic 
properties is essential for the production of good quality 
permanent magnets. The.*- primary magnetic properties for the 
1:5 and 2:17 type phases in RE-Co systems are summarised in 
Table 1.1.^ 

The RECOg compounds have moderate values of 4 % I 

(»^1 T) but extremely large values of ( >1 MCr/m ) , The | 

latter property is primarily responsible for the exceptionally j 
large coercivity. In this regard SmCog ia the most outstanding j 

of all RECOg magnets by virtue of having the largest value ! 

3 ^ 

of (17 MJ/m ). The RE^Coj^.^ compounds have higher I 



TABLE 1.1 MAGNETIC PROPERTIES OF RCOj- AND R^Co^ COMPOUNDS: 



4-^ M AND K. 
S 1 

VALUES AT 

25° C ARE 

GIVEN 


Rare 


RCo^ 

5 


R 2 CO 17 

earth 

I 4tc M 

1 " ' 

; T 

1 ' ' ' 

1 K, 

4-n:'M 

r 

! T ; 

K. 


• s 

I c 

I 1 

s 

I G 1 

1 


! ( T) 

JL 

i (°c) 

f 

; (MJ/m^) 

1 

( T) 

I (°c) i 

1 1 

( MJ/m^) 

Ce 

0.85 

374 

5.3 

1.15 

800 

- 0.6 

Pr 

1.12 

612 

8.1 

1.38 

890 

- 0.6 

Nd 

1.20 

630 

0.7 

1.39 

900 

- 1.1 

Sm 

0.97 

724 

17.2 

1.20 

9 20 

3.3 

G<3 

0.19 

735 

4.6 

0.73 

9 30 

-0.5 

Tb 

0.24 

707 


0.68 

9 20 

-3.3 

Dy 

0,30 

69,30 


0.70 

910 

-2.6 

Ho 

0.53 

727 

3.6 

0.83 

9 20 

- 1.0 

Er 

0.63 

713 

3.8 

0.90 

9 30 

0.41 

“IVn 

0,67 

747 


1.13 

9 20 

0.50 

Yb 






-0.38 

LU 




1.27 

940 . 

- 0.20 

La 

0.91 

567 

5.9 




Y 

1.06 

648 

5,2 

1.25 

940 

-0.34 

Th 



2.6 



-0,53 


T = 10 KG. 





values than the corresponding RGo^ series and hence might 
have greater energy products. However, as Table 4.1 shows, 
the magnitude of for the 2? 17 compounds is considerably 
smaller than that for the corresponding 1;5 series. Further- 
more, with the exception of Sm, Er and Tm, all 2;17 binary 
compounds have that is, an easy (0001) plane. For 

these compounds, magnetisation reversal becomes relatively 
easy and low coercivity is expected. There has been some 
success at modifying the sign and magnitude of by partial 
substitution for Co by other transition metals such as Fe, Cr 
and Mn.*^ 

The magnetd.sm of the RE~Co compounds is due to the 
interatomic exchange between the spins of the two sublattices 
plus the spin-orbit coupling within the rare earth atoms. In 
the lighter rare earth series-Ce, Pr, Nd and Sm - the spins 
of the RE and Co atoms are aligned parallel. The value of 

4tc m are thus high. In the other they are aligned anti- 

S'' 

parallel, and the values of 4-n; M tend to be low. Yttrium is 

'S'" 

nonmagnetic and honce the magnetic induction comes from Co 
alone, Ihe magnetocrystalline anisotropy also cones from two 
sources# one originating in the itinerant electrons of the Co 
sublattice and one duo to the crystalline electric field of 
the rare earths. A broad suimiary ranging from basic magnetism 

to the technology of the rare earth magnets is given by 

5 ' ■ 


Month ot, al 
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1,3 RE- 3d Metal Phase Diagrams and Structures of Iheir 
Intermetallic Compounds 

1.3,1 RE- 3d Metal Phase Diagrams 

6 7 8 

The binary phase diagrams of Ce-Co, * La-Co, 

9 7 

Ce-Fe and Ce-Cu are shown in Figures 1.4a to 1.4d and the 
compound formation in the hi^ transition metal side in these 
systems is shown in Figure 1.5,, The phase diagrams of Nd-Co 

* Q 

and Pr-Co systems are similar to that of Ce-Co systems. It 
is seen from Figure 1,4a that all the intermetallic phases in 
the Ce-Co system form through peritectic reaction. The temp- 
eratures of peritectic reaction for the intermetallic phases 
in the RE-Co systems ( RE = Cr, La, Nd and Pr) are shown in 
Table 1,2. 

TABLE 1.2 PERITECTIC TEMPERATURES OF INTERMETALLIC PHASES 
IN RE-Co systems'^'® 


System 


Peritectic temperature (°C) 



f 

1:3 

{ 2:7 

1 

• 5:19 

..-..1 - 

J 1:5 

t, , 

• 2:17 

... .L.-T, 

Ce-Co 


1091 

1130 

1134 

1193 

1209 

La— Co 


Does not 
exist 

843 

868 

1124 

Does not 
exist 

Nd-Co 


1105 

1161 

1166 

1266 

1301 

Pr-Co 


1057 

1118 

1125 

1229 

1271 
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In the case of La-Co system the LaCo^ and La 2 Co^^ phases do 
not exist. Also for the La 2 Co^ and La^Co^g phases the peri- 
tectic temperatures are lower by about 300° c than that corres- 
ponding to these phases in the other RE-Co systems ( Table 1.2). 

In Ce-Co system (Figure 1.4a) two features ca^uld be noted for 

6 

the liS phase. It shows a homogeneity region at high temp- 
eratures (^700°c) and undergoes an eutectoid type reaction at 
tmperature below about 650° c. ' This was observed for 

other RE-Co systems also and the eutectoid decomposition 

temperatures for various RECo^ phases are shown in Figure 1.6 

11 

together with their liquidus temperatures. The effect of 

Fe and A1 impurities on the eutectoid reaction temperatures 

is also shown in Figure 1.6. 

In the case of Ce-Fe system only 1:2 and 2:17 inter- 

metallic compounds exist. In Sm-Pe system in addition to these 

12 

phases# the existence of an 1:3 phase is reported. The 

2:7# 5:19 and 1:5 phases found in the RE-Co systems are 

absent in the RE-Fe system* 

■ 7 

In Ce-Cu system five intermetallic phases corres- 
ponding to the stoichiometries# 1:1# 1:2# 1:4# 1:5 and 1:6 
are seen# out of which the 1:2 and 1:6 phases form congruently 
and the rest form through peritectic reaction, Ihe 2:7# 

5:19 and 2:17 phases found in the Ce-Co system do not exist 
in this system. 

Besides the binary systems# the isothermal sections 

' ' ' ' " ' ■' 13 

of sm-Co-Cw phase .diagram reported' 'by Perry et.al, at 800° c 



Tgnrparct jrs ( °C i 
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1200®c are shown in Figures 1.7a and 1.7b. It is seen from 
Figure 1.7a that at 800°C# the 1:5 phase could exist as a 
stable phase with 100% solid solubility for Cu. The 
phase extends into the ternary up to about 38 a/o Cu but the 
SmCo^ and Sm^Co^^ phases extend only upto a few a/o Cu into 
the ternary. Two narrow three-phase regions, one containing 
the 1:5, 2:17 and Co phases and the second containing 2:7, 

1:5 and 2:17 phases are present close to the Sm~Co binary line. 
These regions do not exist at 1200° c (Figure 1,7b). A third 
three-phase region of 2:17, 1:6 and Co phases is present in 
the Cu rich part of the diagram. The SmCu^ phase extends 
into the ternary upto about 16 a/o Co but the SmCu^ phase 
does not exist beyond about 2 a/o Co. 


1.3,2 Structures of Intermetallic Phases in RE-Co Systems 


The technically relevant alloy compositions range 

from the REM 2 to the RE^M^^ in terme tallies (RE = Ce, Nd, Pr 

end Sm, M = Co) , The compounds in this range can be arranged 

into two groups, hexagonal and rhombohedral , which derive 

from the hexagonal CaCu^ type structure of the REM^ alloys 

The structure of the 1*5 alloy consistsof an infinite stacking 

sequence of two- atom layers in the direction of o-axis: a 

hexagonal arrangement of M atoms followed by a mixed layer of 

18 


14-17 


RE and M atoms (Figure 1,8a), 
contains a three rhombohedral xinit colls (Figure 1.8b) 


The hexagonal unit cell 

14 


By an orderly, exchange 'cf ■'ah'’'W.'a 


tcia /against a RE atom in every 




phase . r 

' 5m Cup, 

ase SmCu5 ^ 

hase ^nvc./^ 






first/ second/ third etc. unit cell/ a simultaneous shift of 

the newly formed building blocks in the hexagonal basis and 

minor rearrangements of the RE atoms / the canpounds REM 2 / REM^, 

14 15 17 

rE 2 M^ etc, are fonned. * * The respective atom positions 

for REM are shown in Figure 1.8c; the mode of formation of 

O 

the other compounds is schematically given in Figure 1,9. 

The stoichiometries of the possible intermetal lies in the 

series RHM can be calculated from 
X 


X 


5n + 4 
n + 2 


(n = 0/ 1, 2, 3 



and the theoretically possible Cromer-Larson phases in RE-Co 

system are shown in Table 1,3, The lattice parameters of 

19 20 

these phases are given by ' 

a = a (CaCUc) + d, (n +1) 
o o o a 


c = m (n 4- 1) S (GaCUe) + <!_/( n + 1) 

, O . ' ' ^ w ■< 


where (CaCUg) and dg C CaCu^) .. in the above equations. 



refer ,to the lattice parameters of the CaCUg type phase/ d 
is the distortion caused by - the size difference between RE 
and 3d metal atoms and m is 2 or 3 depending on wether the 
structure is rhombohedral or hexagonal. From rE 2 M >7 onwards 
(Table 1,3) the difference in a:>h<:^tration between the 
predicted phases gradu'ally /decreases ?■; finally this difference 
bedames' indlstinguish^X^.;S*id.\„^e.'':.'ser^'^s ^.converges for n 
against , the;:';RECOc'^': .-reported thermomagnotic 






‘-v- 

R*s 

Si¥&^ 








mm 


0'''''Rare'’?cirth 


unit cell of the CaCus structure after IK 
rat unit cell of the CaCu5 structure afte 
1 of one RE against one M atom in eve 
celt minor displacements of RE atoms 
e hexagonal basis plane lead to the Rl 


structure (Ref- 14) 



TABLE .1.3 THEORETICALLY POSSIBLE CROMER-LARSON PHASES IN 
RE-Co SYSTEMS 


n 

1 

! Phase 

1 

! RE Co 

, X : y 

1 

Co/RE ratio 

0 

1 s 2 

2 

1 ■ 

1:3 

3 

2 

2:7 

3.5 

3 

5:19 

3.8 

4 

1:4 

4.0 

5 

7:29 

4 . 14 . . . 

6 

4:17 

4.25 

7 

• # • 

3:13 

• * # 

4.33. , 

• • # 

• • m 

4 

10 

♦ « ^ * 

• , # • 

1:4.99. . . 

*■ ' # * • 

4.99... 

# , • * 


It « # 

1:5 

5.0 


ovidoncG for the phases of stoichiometry ls4^ 7:29/ 4:17 and 
3:19 in Pr«Co system but no X-ray or microstructural evidence 
is reported for these phases. 
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1.4 Structure Sensitive Magnetic Properties 

21 

The magnetocrystalline anisotropy field and the 
22 

coercivity of the RECo^ alloys depend on the raicrostructure 
of the alloy. It is seen from Figure 1,10 that the of 1:5 
phase peaks at ccmposition corre^onding to 1:5 stoichiometry 
and falls steeply on either side where the 1:5 coexists with 
either 2:7 or 2:17 phases. In Figure 1.11 the dependence of 
■ H , .H and ( BH) on the composition of Sm-Co alloy is 

X O jO C ITlolIX 

shown. The coercivity peaks on the slightly Sm richer side of 

SmCo^ phase but it drops steeply on the Co rich side of 1:5 
22 

composition. This indicates that the presence of small 

amount of 2:7 phase with the 1:5 phase is not ‘detrimental to 

H as the presence of 2:17 phase with the 1:5 phase, 

X o . 

In Figure 1,12 the effect of heat trea-tment on the 
of SmCOg magnet is shown, Whei the SmCo^ magnet is heated 
around 750° G for 30 minutes, the .H falls from about 35 KOe 

1C 

to about 5 KOo, Ihis dras'tic drop in ,H is attributed to an 

X ' o 

23 

eutecboid reaction in SmCog where the 1:5 phase deccraposes 
into the adjacent 2:7 and 2:17 phases. 

1.5 Technology of ke-co Magnet Processing and Permanent 
Magnet Properties of RESCp^ Type Mamets 

1.5,1 Flow Chart of RE-Co Magnet Processing 

Powder metallurgy techhi^es are employed in the 
manufacture of ‘'rare-earth ' col^t' permanent 'magnets . ' The 
basic, 'process ^ consists of powder, by one of several 
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methods, pressing the ponder In s magnetic field, sintering 
the compacts and heat treating the sintered product. The 
overall process flow diagram is illustrated in Figure 1 . 13 . 

Close control is required throughout and the most Important 

factors are chemical composition, oxygen content, pow 

... . . _ ->T-irfm'nn fi'eld and sintering and 

particle size distriixition/ aligning - 

heat treating cycles. 

1 , 5,2 Magnet Processing Parameters 

1 . 5 . 2.1 Alloy Compositions 

Ihe chemical composition o£ the alloy determines 
Its phase composition and the properties of the magnet proatced 
depends on its microstructure. Therefore, a close control 
the chemical composition of the alloy is necessary during 
magnet processing. «te change in exposition can ocotr during 
melting due to the loss of RE elemmts by evaporation or 
during powder preparation and sintering due to oxidation 

^elxents. Thus the final composition of the magnet may , 

turn out to be differ«>t from the starting composition of the 
alloy . The extent of shift in composition will depend on 
the melting method ( arc or induction molting) , mlllina 
procedure, and sintering process (solid or liquid phase 
sintering). Thus for each material system and for each set 
of process paremiters adopted, .^e composition shift may be 


■differ^t. Therefore the-ri^^^sition of the sintere 


' ' 't, . < V. ' ■ . , ' ' ii)M 














systematic study of these variables. It has always been 

reported that in the production of RECo^ type magnets a RE- 

24 25 

rich composition is used. ' ' 

1.5.2. 2 Comminution 

The cast ingot is crushed and ground to produce a 
powder with the proper size distribution and flow character- 
istics, In Figure 1,14 the proper particle size distribution 
(dashed curve) is compared with one that is too bad (solid 
curve). The large-sizie particles tend to be multi-grained and 
do not align or sinter properly. Under sized particles pick 
up an excessive amount of oxygen, which reacts with the metallic 
components to form oxide resulting in an overall shift of the 
composition out of the range where optimum properties are 
achieved, 

1.5. 2.3 Compaction v 

The properly sized and dried powder is pressed in 

the presence of an applied magnetic field not less than 10 

26 • ' ' 

Koe. Homogeneous fields are necessary to produce a high 
level of unifomnly aligned particles. It has been found that 
the application of a field in a direction perpendicular to 
the; pressing direction leads to a better' alignment of ^ particles. 
Finish^ magnets ate anisotropic with the direction of magne- 
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1.5. 2. 4 Sintering 

The pressed powder compacts are sintered to high 

density, 93-97% of the theoretical density. Both solid and 

28 29 

liquid phase sintering have been followed, ' In the case 
of solid phase sintering an alloy of single composition is 
used and the sintering temperature is chosen about 100° C below 
the liquidus temperature of the alloy. In the case of liquid 
phase sintering a low melting, RE-rich alloy is added as the 
sintering additive to a base material and the sintering 
temperature is lower than that followed for a solid phase 
sintering. The sintering is usually carried out in a iai'gh 
purity argon atmosphere. 

1.5. 2. 5 Post- sintering Heat Treatment 

The sintered magnets are usually annealed at low 

temperature (::^900°c) to optimise overall second quadrant 

29-31 

characteristics of the hysteresis loop. The shape of the 

demagnetisation curve as well as the magnitude of the coerci- 

vity can be considerably altered by suitable heat treatment 
31 

procedure. This heat treatment is found to be associated 
with change in microstructure of the magnets, 

1.5. 2. 6 Magnetising and characterisation 

The pemanait magnet properties are characterised 
by measuring its hysteresis curve particularly its second 
quadrant (demagnetisation curve). Two methods of represen- 
tation are used; the intrinsic magnetisation curve and the BH 



26 


hysteresis curve (Figure 1.15). The intrinsic magnetisation 

curve is more suited to describing the physical properties of 

the material while the BH curve is used for all practical 

purposes. The latter curve can be obtained from the former 

by the relation B = H + 411 : M. The B , bH and (BH) ^ , are 

r c max 

obtained directly from the demagnetisation curve. The field 
applied for magnetising the samples during measurement should 
be sufficiently high to saturate the material, otherwise 
there is the risk of tracing the minor hysteresis loop. The 
field level is normally determined by the intrinsic coercivity 
in the case of RECo^ type magnets. In practice the magnets are 
magnetised prior to magnetic measurements in a pulse field of 
60-100 KOe and then their demagnetisation curves are traced in 
a magnetic field sufficiently higher than the intrinsic coer- 
civity of the magnet. 

1.5,3 Processes and Properties of Selected RECoc Type 
Magnets 

Procedures followed in magnet processing and the 
properties developed for a selected number of RECog-type 
magnets are summarised in Table 1,4. 





TrtBLE 1,4 PROCESSES AND PROPERTIES OF SELECTED RECo^ TYPE f'lAGNETS 
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2. STATEMENT OF TOE PROBLEM 

The review given in Chapter 1 under Section 1.1 shows 
that permanent magnets o£ outstanding technical properties 
{.H and ( BH) ) much superior to other types of pepaanent 

X O iUoLA 

magnets could be produced from Rare-Earth Cobalt alloys. Among 

the family of Rare-Earth Cobalt magnets, alloys containing Sm 

as the RE have maximum values for permanent magnet properties. 

But at the same time Sm is costly and this hinders the large 

volume production of its magnets for widespread application , 

In many of the permanent magnet applications a high resistance 

to demagnetisation is not necessary, in such cases a material 

which is cheap and at the same time has relatively large values 

for jH and (BH)_ oortpared to the conventional commercial 
i c max 

permanent magnets such as alnico and ferrites, may be preferred. 

While the technology of production of SmCog magnets 

( 1 — 8 ) 

has been widely studied and reported, only a few studies 

have beai reported on the development of magnets utilising 

mischmetal (a cerium rich mixture of light Rare-Earths) as the 
( 9 -* 11 ) 

only RE. Also the composition of mischmetal differs 

depending on the mineral source and the extraction method. In 
India there is a vast deposit of Rare-Earth minerals ( in 
Travancore beach sand, Kerala) and it is the third largest 
producjer of Rare-Earth in the vrorldj. The Indian mischmetal 
employed in this study contains abcwt 6 w/o Fe as impurity 
introduced during the electrolytic process. Cobalt is less 
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12 

abundant than RE and is a scarce material. Its partial 
replacement with other transition elements like Fe and Cu 
would certainly be preferred if the loss in magnetic properties 
as a result of their introduction is not much. Hence a study 
was undertaken to develop permanent magnets utilising the cheap 
commercial grade Indian mischmetal and cobalt with partial 
addition of Fe and Cu in place of Co. 

The present study was undertaken with two broad 
objectives. Firstly to study the relation between structure, 
micro structure and composition and establish the phase relation- 
ships in the MM-Co-Fe and MM-Co-Cu systems. Secondly to select 
the suitable phase compositions in these systems and study the 
influence of various process parameters on the permanent 
magnet properties. 

Magnetic properties ( .H and B ) are very sensitive 

JL w 2# 

to phase composition " and a knowledge of phase relationship 
in the RE- Co system is essential to select the ri^t composition 
for the magnet production. Phase relations study in the RE-Co 
syst«n is complicated because of the close structural similarity 
among the various intermetallic phases, ” In addition to 
the conventional experimental tools like metallography and X-ray 
diffraction, additional experimental techniques such as 
thermo-magnetic analysis ( TMA) and electron probe micro-analysis 
(EPMA) are imperative to confirm the identity of the phases. 

Some of the phases lifce 5:19 tiie binary RE-Co system were 
discovered only lately by the TMA technique and by very careful 



thermal analysis, Ihe mischmetal itself contains atleast 

four RE elements^ Ce# La, Nd and P'r and the alloying behaviour 

of La with Co is quite different from that of the other RE 

elements with--Go, Ihe La~Co system does not contain stable 

21 

phases like 1:3 and 2:17, Hence a systematic study was 
undertaken to establish the phase relationships in the tech- 
nologically important composition region at 900° c using X-ray, 
metallography and TMA extensively and the EPMA to a limited 
extent. 

An estimation of the primary magnetic properties, 
magneto- crystalline anisotropy field saturation magneti- 

sation ( 4 tc Mg) and the Curie temperature ( T^) Xs. essential 
to decide the suitability of a RE-Co phase for permanent magnet 
potential, Ihe MM-Co-Fe and MM-Co-Cu phases were studied for 
their 411 M_ and T using a vibrating sample magnetometer, 

SC#. 

In the process of magnet production the parameters to 

be studied ares ( i) composition of the alloy, ( ii) size and 

size distribution of the powder ( iii) compacting method { iv) 

sintering temperature and time and (v) post-sintering annealing 

temperature and time, Ihese parameters affect both the and 

,H and hence the The selection of right combination 

i c max 

of the above parameters is essential to maximise the permanent 
magnet properties. Obviously, a systematic study varying all 
the above parameters will be a lengthy process and may not be 
necessary. Composition, powder characteristics, sintering 
temperature and sintering time are the parameters investigated 
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in the present study, only MM-Co alloys were tried in this 

connection. Ihe powder production and the sintering are the 

most important steps in the magnet processing as the RE-Co 

alloy powders are highly sufficeptible to oxidation. The quality 

of the powder produced was checked by measuring their 

rather than their average particle size since no single 

available technique has been found to give correct estimation 

of the particle size of the micron-size RE-Co magnetic 
22 

powders. 
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3 * EXPEECMMm 


The expeiimental methods followed in the present study 
are grouped into four sections, 1) alloy preparation, 2) phase 
analysis, 3) characterisation of magnetic properties and 
4) magnet processing, 

3.1 Alloy Preparation: 

3.1.1 Eaw Materials: 

Indian mischmetal used in the study has the oompositio? 

,,, I 

(analysed hy x-ray fluorescence and coir^)! exometric methods ) 

52 pet, Oe, 20,1 pet. La, 15,7 pet, Nd, 4,8 pet, Pr and 6 pot, | 

' ■ I 

Pe (all in w/o) and the balance (#^1,4 pet,) unidentified j 

impurities. The Go, Pe and Gu used are of ^S9,9 pot, puiity. | 

I 

The ^ecifications of these materials are given in appendix I, 

3* 1* 2 Melting: j 

The mischmetal ingot (Fig, 3,1) was cut into small 
pieces and ground to remove the outer oxidised surface. An | 

effective gm, at, wt, of 140,0 6 gms, was computed for MM based | 

1 ' 

on chemical analysis The component elements MM, Go, Pe or Gu j 

■ I 

were weighed in the required proportions. The computation 
procedure of alloy composition is 'given in appendix II, The allc! 

■ ■ ' ■ ' . , I 

were prepared by arc melting in a water cooled Gu crucible in 
an ultra hi^ purity argon atniosphere. Three or four meltings 
each lasting for 20 to 30 seconds were given and the alloy 
button weighing about 30 gms, was broken to small pieces and 
placed inverted after each melting to ensure unifomity in | 

composition through out the ingot. The weight loss during j 
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melting due to evaporation of the RE elements was typically 
of 0,5 to 1 w/c. 

3.1.3 Annealing 

As the molten alloy is cooled very fast and most of 
the phases in RE-Co systems form through peri tectic reactions 
segregation is inevitable. To homogenise the alloys small 
lurtqps of the as-cast alloy buttons were sealed in evaluated 
( 10 ) quartz anpoules (Figure 3,1)^ annealed at 900®C for 4 

to 10 days and quenched in water at the end of the annealing to 
retain the equilibrium phases corresponding to the annealing 
temperature, Ihese homogonised alloy pieces were used for 
phase analysis. 

3.1.4 C3ia:nical Analysis 

In arc melting of the alloys/ the loss of RE due to 
evaporation is unavoidable and it varies dep^iding on the arc 
pressure, melting time, amount of the alloy melted etc. 

Hence it was necessary to check the composition of the alloys 
melted. The alloys were analysed for total RE, Co, Fe and cu. 

As the Fe caused interference in the determination of RE and 
Co, it was precipitated quantitatively as Fe ( 111) hydroxide j 
and analysed while the RE and Co were determined from the ! 

filtrate by visual odipl exometric method* Ihe Cu in the alloys | 
were determined either by cott^lexoraetric method or by iodimetryj 
Ihe deteiled 'p'rocedute of ’the''Chemical"‘''analysis is reported ! 
■lh"' Refer«ice la * 



3,2 Phase Analysis: 

Four techniques, metallography, x~ray diffraction, 
themomasnetlo a^ialysis CCMA) and electron probe mioroanalysls 
(BPMA) were employed to study th.e phases. 

3. 2*1 Metallcjgraphy: 

A small piece of the homogenised alloy was taken 
and its surface for microstnzctural observation was prepared by 
standard procedures^^^. The brittle alloys were hand ground care- 
fully to avoid the introduction of cracks and then polished wxth 
fine alumina (O.lp) powder. The polished ^rfaces were then 
etched with 2 pet. nital solution for 2 to 3 seconds and the 
micro structure was observed with a Oarl Zeiss HU-2 universal 
microscope in bright fi^d. 

3. 2. 2 Z-ray Diffraction: 

I-ray diffraotion of tbe aimealod samples was oanlea 
out with a.E. zed- 5 and 6 a Philips PW 1730/10 x-iay 
diffraotomsters. For mIo-Po alloys Or. Oo or Fe radiation 

was used but for high Ou containing alloys Ou radiation 
better results. Because of the close structural stoilaiities " 
of the different BB-Oo phases, their strengest reflections have 
close -a- spaclngs aiid occur at close » vaBies. In order to 
resolv4 than Or radiation was used as the preferred one. 
powder san®lss were prepared by crushing the brittle alloys to 
1325 mesh sise. Ihe high Oo and high Ou containing alloys were 
less brittle and tougher than the lesB.Oo or Ou bearing alloys. 
Hence Oo or Ou rich alloy powders were annealed at dDO^O for 
10 minutes to remove the strain prior to ^ray diffraction. 



diffract ograms were obtained by scanning at a rate of 2° /min. 

In those cases where the lattice parameters of the phases were 
to be determined, the peaks were scanned at a slower speed (0.2°/ 
min). 

3.2.3 Ihermomagnetic Analysis (iMA) 

IMA was found particularly necessary to study the low 
cobalt phases X'fith stoichiometry lower than 1:5 in the HB-Oo 
systems (EB=Oe, la, Hd and Pr). The melting points of the 
periteotic 2:7 and 5:19 phases in these systems differ by less 
than 10°0 and their standard x-ray diffraction data calculated j 
based on their lattice parameters have the strong lines occurring | 
at neanLy the same position leaving only a few weak lines 

characteristic of these phases'' * Hence with conventional tecbni^ 

** ■ ' ■ ' 1 

such as thermal analysis and x-ray diJQFract ion commonly used in | 

determining phase diagrams, possibilities exist to misinterpret | 
them. Also, when the phases 5:19» 1:5 and 2:17 coexist in a j 

non-eq.uilibrium condition in a case such as the partially | 

' ■ . [ 

decomposed 1:5 alloy, then the Identification of 1: 5 by x-ray diff-i 

* , '■ ' ' ' ■ ’ i 

raction is not possible as all the strong lines of 1:5 are 
common either to 5: 19 or 2:17 phasoe®"^^. Since these phases are | 
ferromagnetic and have sufficiently different Ouiie temperature j 
^ )11^ TMA was used to identify the phases and to obtain 
evidence for both the decomposition products of MMOo^. The TMA 
was used as a general tool like metallography or x-ray diffraction 
for phase identification in the present study. The experimental I 
procedure is described’ under '0eb^'i6ib'''^»3.3* ' i 
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3«2*4 Electron Probe Micro analysis: 

A model microsonde Electronic-MS-.46 electron probe 
micro analyser was used to analyse the sairples with an accelerating 
voltage of 20 KV and an x-ray emergence angle of 18°, The 
specimens were mounted in a perspex mold and their surfaces were 
prepared as for optical metallography. The polished surfaces 
were faintly etched with 1 pet. nital solution just to reveal 
the phase boundaries. This facilitated to select the right site 
for micro analysis of the elements. The phases were analysed 
for the five RE elements (Oo, La, ITd, Pr and Sm) and the three 
3d transition elements (Pe, Oo and Mi). Metals of the above 
elements with purity ^ 99.9 pet. were mounted separately in 
different sample holders and used as standards to compare the 
x-ray intensities emitted from the samples» Both point and 
line scenes cutting across many grains were carried out. 

3»3' Character is at ion of Magnetic Properties: 

Primary Magnetic Properties: 

The three primary magnetic properties that determine 
the suitability of a EB-Oo phase for permanent magnets are 
1) tun magneto crystalline anisotropy field » 2) saturation 
magnetisation (4'n:M ) and Ourie temperature 

3*3*T<»1 Magneto crystalline anisotropy field, 

The H. is exp erim oat ally determined by tracing the 
magnetisation curves along the magnetic easy and hard directions 
of a single crystal. The magnetic: field corresponding to the 
point of intersection of the tw mrv^es gives the . In the 
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case of polycrystalline mateilal the same is obtained using a 
magnetically aligned powder specimen in Tdiich each powder 
particle is assumed to be a single grain. In practice the 
hard-azis magnetisation curve is plotted only upto 100 KOe 
owing to the limitation of the field and then extrapolated as the 
of the EBOo^ phases is much higher than 100 ZOe, This gives 
in many cases unrealistic values. Hence the values estimated 
for oriented powder specimens in low magnetic field have to be 
treated with caution as they can give only an idea of the 
magnitude of the value. In the present study because of the non- 
availability of magnetic field greater than 11 KOe, the estimation 
of was not attempted for MM-Oo intemetallic phases, 

3«3*1*2 Saturation magnetisation, 47cM : 

3 

A PiR Model 155 vibrating sample magnetometer was 
used to estimate the specific magnetisation, a (emu/gm) at 
ambient temperature, fhe magnetometer w^s calibrated with s 
standard PAR Hi sample which has a a of 55 emu/gm at 298^K# 

All the magnetisation results reported in this work are based on 
this value. As the MM-Oo phases are expected to have 10 Z30e 

the alloy specimens were ground to powders of a few micron size 
under toluene, The powder was mixed into a paste with an epoxy 
resin and was filled in glass ampoules. Then they were aligned 
in a magnetic field (11 EDe) for few minutes and allowed to set 
in air in the absmce of the field as they took 10 to 15 hrs 
for setting, The resin to powi^ weight ratio was typically 
of 0*5* the powder weight in the samp ;ies ‘being in the range , 
of 0,0 6 to 0,1 gm,;- Sanples thus prepared have ratio of 



about 90 pet, and can be saturated with a 11 EOe field. When the 
naagnetisation is reported for stoichiometric MM-Oo phases, 
annealed samples were used in which the presence of the second 
phase as estimated by optical microscopy was ^5 pet, 

5. 3. 1*3 Ouiie temperature, 

CJ 

As-cast as well as annealed alloys were used for 
bhermomagnetic analysis (TMA). the samples studied were of 
about 0,2 gm, the tMA was carried out by measuring the magnetic 
aoment (emu) of the sample as a function of temperature in a low 
aagnetic field (40 Oe), A PAR model 155 vibrating sample magneto- 
Qeter coupled with model 151 high temperature oven assembly was 
ised (Rig, 3# 2), the alignment of the oven assembly was checked by 
leasuring the t^ of the standard PAR Hi sample which had a value of 
55^0, the samples we3?e taken in a boron nitride crucible and 
cept in a vacuum of 10"*^ torr during the test to avoid oxidation, 

)he output terminals of the Or-Al thermocouple and the magnetometer 
rere connected to the x and y axis, respectively, of an x-y recorder 
ind the magnetic moment of the sample was continuously traced as 
i function of t emp erature* vAs the Upper limiting temperature of 
he oven wae 727°0, the phases having 'greater than 700^0 were 
.ot, studied. ' v; ' 

\ 'Since the thea»%co^ple:^f5t|te';;f:,AR'Mgh--temperature oven 
ndi cates only the. oven \t^peratu'^' -anivthe^’' sam^ takes some 

ime:to ©lulllbriate with the a 

, ‘ ' ' ■ ■ ■ . . the 

hemal hysteresis was observed 'h^Woen the heating and^oooling 
urves which deoreased with decreased rate of heating or cooling. 
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At a rate of 2°0/min a thermal lag of IO-15'^O was persistent. 

the 

Hence both the heating and^cooling cui^es were traced at the sar 
rate, especially near the magnetic transition regions and the 
mean of the transition temperatures read from these two cuives 
was taken as the ferromagnetic Ourie ten^erature of the phases 
studied. 


5.3.2 Permanent magnet properties; 

The permanent magnet properties of technical importanc 
are Br, and (BH)^ . These parameters are obtained 

from the demagnetisation curve CeI quadrant of the magnetic I 
hysteresis loop) of the magnet sanples. The expjerimental I 

procedure to evaluate these properties is described under ' 

section 5.4.6,, 

i, 

5*4 Magnet Processing; 

The magnet processing involves the following st^s, i 
alloy preparation, commimtion, compacting, sintering, magnetisii| 
and characterisation of the magnets for their physical and ' 

magnetic properties (Fi^re 3,3) . 

■■ '■ ■■■■ ' ' ' ' ■ ' ^ '■ ' i 

5,4.1 Alloy Preparation? i 

MM-Oo alloys were prepared by arc melting method 
described in section 5.1. Bach melt was about 50 to 40 gms. 

The as-oast arc melted buttons were used as such for powder 
production, ^ ^ 
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3*4.2 Oomminution: 

!rhe comminution of the as-cast alloys was carried out 
in two stages. First the alloy was hand crushed in a steel 
crusher to -100 mesh size in air and sieved into a small stainle 
jar (volume of 125 cc) containing toluene. Fine grinding was 
carried out by rod milling the —100 mesh powder in the stainless 
steel jar with stainless steel rods as the grinding media under 
sodium gettered toluene. Ihe rods were -of 2 mm dia and 9*5 cm 
long*, the jar was of 4 cm dia and 10 cms in length. After 
milling, the wet powder was dried in a dessicator under vacuum | 
(500ir)* Ihe optimum parameters to be selected in grinding are i 
the feed size, feed volume and the milling time. In the present | 
the feed size was fixed at -100 mesh as feeds finer than this | 
may lead to severe oxidation of the powder. Ihe effectiveness I 
of the grinding and the optimum parameters of feed volume and ^ 
milling time were determined by measur;j.ng the of the powder | 
rather than their average particle size. A feed volume of 5 gms 
was uBod..' in the present study. I 

' . ■ i 

3*4.3 Compactions I 

Ihe powders were field-pressed in a pulse magnetic fiej 
of 13 KOe applying a load of 14 Tons/cm^. a 20 Ton Bemco 
Hydraulic press and an HEIi model 747-6 magnet charger fiJtted j 
with a charging fixture of 3i-* i*d. and 2” length was used CFig*| 
3*3)* direction of the field and the pressing was parallel. I 

Pellets of 0.96 cm dia and 0,3 to 0*6 cm thickness were formed wi 
a green density of % 6 gm/cm^ iriaich is about 65 pot, of the I 

theoretical ,d'ensity for phases# The powder compacts 



were sintered immediately alter pressing. 


3* 4« 4 Sint ering: 

The sintering of the powder compacts was carried out 
in a flowing argon (ultra hi^ pure - lOiAR Grade) atmo^here 
at temperatures between 970^0 and 1050^0 in an alumina crucible. 
The sintering set up is shown in Pig. 3.3. One end closed alumi; 
tube of 2.5 cm in i.d. and '^45 cms in length was fitted with 
a brass flange with an inlet and an outlet gas-leads of zirconia 
tnbes of 3 nm bore. An alumina crucible containing the green 
pellets was placed inside the tube assembly and the end was | 
closed vacuum tight. The chamber was evacuated to 20p pressure i 
and then flushed with argon. This was repeated 2 or 3 times. i 
the alumina tube assembly was lowered into a furnace kept ' 
at any desired sinteiing temperature. It noimaHy takes 10 to ; 
15 minutes for the pellets to reach the sintering tenp erature, | 
Entering time was counted from the time the set sintering ! 

temperature was reached. At the end of the sintering period the 

' ' ■ . ■ f 

alumina tube assembly was taken out and cooled in air. The I 
cooling takes lees than 3 ciin to reach 500°0 and about 50 minutej 
to come to room tempea^ature, 

3.4.5 Magnetising: 

The sintered pellets were magnetised prior to m^netic! 

. V'' ' :■ ■ ■ ' ' ' ' ■ ■ ■ ■ , ' ■■■■ I 

measurwients in an REl miodel 747-' 6 magnet charger fitted with ; 
a ohaiging fixture of 1" i.d# and 4 !' length. This can give a 
pulse field of 6b 2D e with a piilse width of 100 to 200 milli- | 
seconds* The field vas Epplied in a direction parallel to the I 
pressing direction, . i 



3»4«6 Oharacterisationj 

Ihe perman0at nagnei: properties Bj-., and 

of the sintered pellets were raeasared and compared with 
the density and phase and chemical composition of the pellets 
studied. 

3. 4* 6,1 P eimanent magnet pioperties: 

The and are obtained directly from the intrinsic 
demagnetisation curve (4icM vs. h) while the and 
are obtained from the . induction (B vs. H) demagnetisation <?urve<. 
The lat-ter curve is derived from the former using the relation 
B = H + 4h:M where H is a negative quantity (demagnetising field) «- 
A PAR model 155 vibrating sample magnetometer (VSM) 
coupled with a Polyt ionic type ETB-200 electromagnet which can 
give a peak field of 11 EOe, was used. The field was measured 
with a Hall probe - Gaussmeter. The output terminals of the 
Gaussmeter and the VSM were connected to an x-y recorder and the 
I and II quadrants of the hysteresis loop of the sintered and 
magnetised pellets were traced, 

3*4. 6,2 Density: 

The density of the sintered pellets was determined by 
geometrical as well as liquid (toluene) di^lacemait methods, 

3.4, 6.3 Phase composition: 

To relate the magnetic properties observed to the 
structure of the sintered pellets, metallography and x-ray diffra- 
ction were perfoimed. The techniques are the same as described 

' - S J 3. f..ANPIJR' 

under section 3.2* ^or x-ray diffraction 

~ '.rmaiv 


pellet surface was used as such with no necessity of powder 
preparatioru 

3,4* 6,4 Gheioical composition: 

Ghemical analysis was carried out for a given alloy 
composition at three stages, 1) as-cast alloy, 2) powder compact 
and iii) sintered pellet. This was necessary to check any 
evaporation loss or oxidation of rare earth during the course of 
magnet processing. The procedure is the same as given under 
section 3*1»4* 
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4. PHASE RELATIONS IN MM»Co-Fe SYSTEM IN Co»RICH REGION 

4,1 Introduction 

Intermetallic phases of 1:5 and 2:17 stoichiometry in 
binary RE«-Co (RE = ce. La, Nd and Pr) systems have attractive 
magnetic properties: magnetocrystalline anisotropy field 

1«5 

saturation magnetisation ( 411 M ) and Curie temperature ( T ) . 

s c 

Ttiese phases are ^sed for the production of high energy density 

^ 10 

permanent magnets. ” The properties/ -H and B of these 

1 c ^ 

-1 o 1 ^ 

magnets are very sensitive to phase composition. “ Hence a 

knowledge of phase relations near the 1:5 and 2:17 stoichiometry 

becomes important for selecting the right composition that gives 

a single phase alloy and for knowing how a slight change in 

composition alters the microstructure of these alloys. Although 

details of phase relations near 1:5 and 2:17 stoichiometries 

17-20 

are available for pure binary RE-Co systems phase relation- 

ships in a multicomponent MM-Co-Fe system are not investigated 
in detail. Mischmetal itself contains at least four RE elements 

(Ce, La, Nd and Pr), While the binary RE-Co phase diagram for 

18 

RE tsa Ce, La and Nd are similar the La-Co system differs from 

21 

the rest* It does not contain 1:3 and 2:17 phases. A phase 

diagram for MM— Co system and detailed phase relationships in 

23 

the Co- rich regions of the MM-Co systan have been reported 

previously. ' 

The Indian mischmetal also contains about 6 w/o Fe 

as impurity. The effects of Fe addition on the magnetic 

" ' , .. .24-25 

properties of MM-^Co and RE-Co phases have been studied 
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but no systematic study on the phase equilibria of RE-Co-Fe 
and MM-Co-Fe systems have been reported. Also the ls5 and 

2 ; 17 phases in binan" systems have been reported to have 

17 19 70 

homogeneity region ' and the former phase (1:5) under- 

9Q 

goes an eutectoid reaction at low temperature {100° c) . 

Hence a systematic study was undertaken ( i) to identify the 
different phases occurring in the MM-Co^Fe system ( ii) to 
obtain their crystallographic details ( iii) to establish the 
900*^1' isothermal section of the MM-Co~Fe phase diagram ( iv) to 
find the homogen0ity region of the phases and (vi) to confirm 
the phase stability of the MMCo^ phase. 

For the purpose of drawing the phase diagram all the 
RE elements in mischmetal were assumed to constitute as a 
single component as far as their effect on phase».formation 
is concerned. However , ■■"wither this assumption leads to any 
violation of the phase rule v/as considered carefully in this 
study. 

4,2 Expo rimen tal 

The alloys were prepared using Indian mischmetal 
and 99,9% pure Co and Fe. The composition of mischmetal is 
the same as given under Section 3,1,1, The melting and 
annealing procedure of the alloys are described under 
sections 3.1.2 and 3.1.3. The materials used and the 
methods folloc'^ed in the phase analysis are illustrated in 
Figure 3.1 (chapter 3). The alloys homogenised at 900^0 



for 4 to 10 days were taken for phase analysis. The alloys 
studied for the stability of MMCo^ were annealed at 700°C 
for 15 to 30 days. The phases were studied by metallography^ 
X-ray diffraction, thermomagnetic analysis ( IWa) and electron- 
probe micro-analysis. The experimental procedure is given 
under Section 3.2. 

4,3 Results and Discussion 

The chemical and phase composition of the MM-Co-Fe 
alloys studied are given in Table 4,1 and the 900° c isothermal 
section of the MM-Co-Fe phase diagram is given in Figure 4,1, 
Excepting the D-group alloys, the alloy compositions plotted 
in the MM-Co-Fe phase diagram were analysed by TMA and by 
the conventional metallography and x-ray diffraction tech- 
niques, Six phases, ls3, 2s7, 5s 19, ls5, 2; 17 and^-Co were 
identified between 75 and 95 a/o Fo (Figure 4,1) close to the 
MM..CO binary line. In addition to them, a new phase desig- 
nated as X, with a T„ of about 340°c was present between 5:19 
and li5 s toichiometri.es. The 2 s7, 5il9, 1:5 and 2:17 phases 
were found to extend to considerable extent into the MM-Co-Fe 
ternary. At greater than 15 a/o Fe an S phase has been 
re^orted^^ to exist on the RE-ricii side of 2:17 stoichiometiry . 

4.3.1 Identity and crystallographic Details of Different 

Phases in the MM-Co-Fe System . 

4. 3. 1.1 2:7 and 5:19 Phases 

The alloy A-1 (Table 4.1) with composition on the 
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TABLE 4.1 CHEMICAL AND PHASE COMPOSITION OF ALLOYS SELECTED FOR 
THE STUDY OF PHASE RELATIONS IN MM-.C£>=Fe SYSTEM 


Alloy 


Composition 
(a/o/ analysed) 


MM 


Co 


Fe 


Phases (900°c, 4-10 d) 


Micro- 
structure 
(No. of 
phases) 


X-ray 

diffraction 


TMAd 


'O 


A— 1 

22.8 

73.4 

3.8 

2, 

1:3 + 2:7 

<20, 

67 

A- 2 

22 .6 

73.7 

3.7 

2-' ' 




A- 3 

22.3 

74.0 

3.7 

1 

2:7 



A- 4 

22.6 

74.3 

3.7 

2 




A— 5 

21,8 

74.6 

3.6 

2 

2:7 + 5:19 



B-1 

21.3 

75.2 

3 .5 

2 




B-2 

21.1 

75.4 

3.5 

2 




B— 3 

20.9 

75.6 

3.5 

1 

5:19 



B-4 

20,6 

76,0 

3.4 

3 




b-5 

20.4 

76.4 

3.2 

3 


270 

340 520 

c-o 

20,0 

76,8 

3.2 

3 

5:19 + (X) + 

1:5 

..■4o ■'DXiKi' 

C-1 

19.5 

77,4 

3.1 

3 


280 

340 530 

C-2 

18.8 

78.2 

3.0 

3 




C-3 

18.1 

79.0 

2.9 

2 


280 

480 

C"*4 

17.4 

79.7 

2.9 

2 

5:19 + 1:5 



G-5 

17,5 

79.6 

2.9 

2 




e-6 

17.2 

80.0 

2.8 

1 




C-7 

16.9 

80.3 

2,8 

1 

1:5 



C-.8 

16.4 

81.0 

2.6 

1 




C-9 

16.2 

81.2 

2 , 6 

2 




C-10 

15.9 

81.6 

'■■2.5 

2 




C— 11 

15,1 

82,5 

2.4 

2 


520 

>700 

C-.12 

14.6 

Q 1 

■■■0,0.,* * ■ 

2.3 

2 

1:5 + 2 : 17 



C-13 

•14.1^ 

83.6 

2.3 

2 




C-14 

13.6 

84.1 

2.3 

2 




c-iS 

■ 13,2' 

84.6 

2.2 

2 
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TABLE 4.1 (contd.) 


Alloy 

Composition 
(a/o, analysed) 


Phases (900°c, 

4-10 d) 



1 

a * 


1 

1 

1 

Micro- 

i X-ray 


• 

; IMA 



MM ; 

Co 

; Fe 

structure ! diffraction 

; (T , °c) 



1 

i 


1 

1 

(No. of 

f 

1 


, C 



1 

1 

,1 


1 

1 

i 

phases) 



1 

1 

- 




D~1 

11.9 

86.2 

1.9 






D«”2 

D-3 

11.6 

11.4 

86.5 

86.8 

1.9 

1.8 

2 

1;5 + 2;17 




lD«*»4r 

11.1 

87.1 

1.8 






D-5 

11.0 

87.2 

1.8 

1 

2; 17 




D-6 

10.9 

87.4 

1.7 






D..7 

10.8 

87.5 

1.7 






Du8 

10,5 

87.8 

1.7 

2 

2;17 + p-Co 




D-9 

10.0 

88 ♦ 4 

1.6 






D^’^10 

7.0 

92.0 

1.0 






E-l'= 

16.7 

78.3 

5,0 

2 

5!l9 + 1;5 


280 

550 

t? o 

16 « 6 

68.2 

15.2 

2 

5:19 + 1:5 


220 

600 

0.1° 

19.4 

80,6 

0 

3 

5:19 + (X) + 

1:5 



0-2° 

19.2 

80.8 

0 

3 

5:19 + (X) + 

1:5 

230 300 

490 

0 

1 

a 

16,6 

83.4 

0 

1 

1:5 




0-4° 

15.8 

84.2 

0 

2 

1:5 + 2:17 




0-5° 

14,6 

85.4 

0 

2 

1:5 + 2:17 




4-1 . 

20.6 

75,0 

4.4 

' - 3 ■ 

5:19 + (X) + 

1 :5 



4-2 

20.2 

75.6 

4.2 

3 

5:19 + (X) + 

1:5 



4-3 

18.8 

76.8 

4.4 

;3' 

5:19 + (X) + 

1:5 



4-4 

17.6 

77.9 

4.5 

'3 

5:19 + (X) + 

1:5 



4-5 

16.6 

79.1 

4.3 


1:5 




4-6 

15.9 

79.9 

4.2 

■ - '2, 

1:5 + 2:17 
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TABLE 4.1 (contd.) 


Alloy 

• 1 

1 Corrposition 

I ( a/o, analysed) ! 

Phases (900°C, 4-10 

d) 



I MM^ 

I 1 

r 1 

1 f 

I 1 

1 1 

.1 1 

1 

Co i 

1 

1 

1 

t 

1 

.. .1, 

1 

Fe • 

1 

1 

1 

1 

t 

1 

Micro- 
structure 
( No , of 
phases) 

1 

{ x<*» ray 

\ diffraction 

1 

1 

1 

1 

1 

1 tMA^ 


6-1 

22.3 

72.3 

5.4 

2 

2:7 + 5sl9 

130 


2 '.<:o 

6-2 

20.5 

74.4 

5.1 

3 

2:7 + (X) + 1:5 

270 

320 

540 

6-3 

19.5 

75.3 

5.2 

3 

2:7 + (X) + 1:5 




6-4 

18.0 

76.7 

5.3 

2 

5:19 + 1:5 

260 


525 

6-5 

16.6 

77.0 

6.4 

1 

1:5 



530 

6-6 

16,2 

77.3 

6,5 

2 

1:5 + 2:17 




12-1 

21.3 

67.3 

11.4 

3 

2:7 + 5:19 + 1:5 

184 

280 


12-3 

, 19,4 

68.3 

12.3 

3 

2:7 + 5:19 + 1:5 

170 

290 

>600 

12-5 

15.8 

71.9 

12.3 

2 

1:5 + 2:17 _ 


580 

700 i 

15-1 

21.5 

63.3 

15.2 

3 

+ |;Fl! •+>' • 

200 


>600 1 

15-4 

18.0 

66.7 

15.3 

3 

2:7 + 5:19 + 1:5 

184 

290 

>600 


a ! MM represents only tha total RE (Ce, La, Nd and Pr) content j 
and does not include the Fe and the impurities present i 

( 1,4 w/o) in mischmetal. The Fe present as impurity in MM j 

plus the Fe added intentionally is shown in a separate ; 

column. The analysed compositions (w/o) of the alloys for | 
RE, Co and Fe were normalised to 100% and then converted to | 
a/o. The average at. wt, of MM was taken to be 140.82 , 

biased on the X-ray fluorescence analysis. 31 ; 

i' 

b s E-1 and E-2 were prepared with synthetic MM of composition: i 

49.4% Ce, 22,8% La, 19.5% Nd, 4.9% Pr and 3.4% Sm (all in ! 

w/o) . I 

' j 

c I Alloys 0-1 to 0-5 were prepared with synthetic mm of | 

coitiposition t 48 22^6% La and 29.0% Pr ( 1 .II in w/o). I 

d : The CUrie temperatures ’shown in this table are indicative ; 

only for the purpose of identification of phases and the | 

actual T^ may differ by +10° c. 



rare-earth«rich side of the stoichiometry 2:7 shows two 
phases (Figure 4.2) and the alloy A-»3 is a single phase. In 
the B«» group, the alloy B“-5 on the cobalt- rich side of the 
stoichiometry 5:19 has three phases and the alloy B-3 is a 
single phase. The x-ray diffraction data of the alloys A-.3 
and B-3 are given in Tables 4.2 and 4.3. Interestingly, 
both the alloys have all their strong lines occurring at 
nearly the same 2© position, leaving only a few weak lines 
which are characteristic of the phases. Thus it was ambiguous 
to conclude wether the phase in B-3 was different from that in 
A-3, To investigate this further, the alloys A-1 and B-5 were 
studied by thermomagnetic analysis and their thermomagnetic 
curves are shown in Figure 4.3. 

The alloy A-1 shows one magnetic transition near 60° c 
whereas the alloy B-5 has a major transition near 270° c, two 
weak transiticds near 340° C and 520° c and none near 60° c. 

The magnetic transition observed at 60°c for the alloy A-1 
is attributed to the phase (Figure 4.3). The magnetic 

transition of the second phase present in A-1 (mmco^) is not 
observed as it should have a ferromagnetic transition temp- 
erature, T much less than room temperature (20°c). Similarly 
c 


the magnetic transition seen at 270° c for the alloy B-5 is 
attributed to MMi^COj^g phase and the other transitions are 
attributed to minor phases. These results confirm that the 
matrix phases in the alloys A-l and B-5 are mM 2 Co^ and 
'MMgCOj^g respectively. 



Figure 4 #' 


y'’*" ' 

Tti® inicnostmoture of the alloy a- 1 . The 
areas are MMC03 *w 3 the matrix is MM2^°7*» 





HEATING CURVE 




THE .LOW FIELD MAGNETIC MOMENT AS 
A FUNCTION OF temperature FOR THE, 
ALLOYS A-1 AND B-S AFTER, ANNEALING 

at'' 500 *"0 POR 10 DAYS , ,0,', Y'," ; 







TABLE 4.2 

X-RAY 

DIFFRACTION 

DATA FOR MM^Co^ 

PHASE 


Hexagonal 

3 J 4: 

.99o 


Rhombohed ral 

a : 5.02^ 



c : 24 

.699 



c 2 36*712 


■aobs. 

1 

i % I , 

I obs 

1 

1 

1 

i 

1 

1 


( hkll) 


* 1 

1 

1 

I 

hex. 

1 1 

1 rhomb . 

1, 1, 

1 

hex, 1 

f 

rhomb . 

2.804 

11 



2.806 


10.1 

2.745 

2,724 

18 

20 


2.733 


10.7 


2.645 

8 


- 

2.648 


10.11 

2.513 

61 


2.512 

2.512 

10.8... 

11. oo 

2,166 

46 


2.153 

2.172 

2.160 

20.1 

20,1 :■ 

20.2- 

2.136 

100 


2,144 

2.139 

10.1 

11.9 

2,034 

23 



2.039 


00.18 

1,938 

6 


1.941 

1.934 

11. 8>: 

10.17 

1.745 

7 


1.739 

1.748 

10.13 

00.21 

11.15 

1.581 

4 



1.583 

•“ 

11.8. 

1.451 

7 


1.454 

1.475 

10.16 

21.1 

1,433 

7 


1.427 

1,445 

20.13 

20.19 

30.0.'?. 

*1.367 

35 


1.367 

1.367 

20.14 

30.9 

*1.256 

31 


1.256 

1.256 

20.16 

22. OC 


* Lines taken for the calculation of lattice parameters. 
- Denotes not present. 




TABLE 4,3 X-RAY DIFFRACTION DATA FOR PHASES 

Rhombohedral - a; 5.01^; c s 48.65^ 

— 7 



1 

1 

1 

i 

1 

1 

1 

- 

% I , 
obs . 

1 

1 

i 

1 

1 

(hk.l) 

2.831 

2.798 


9 

16 

2.836 

10.13 

2.714 


13 

2. .714 

10.14 

2 .509* 


43 

2.509 

2.492 

11. C-: 

10.16 

2.166 


39 

2.171 

2.164 

20.1 

20. 2C 

2.134 


100 

2.134 

11.2..; 

2.027* 


23 

2.027 

00.24 

1.578 


4 

1.577 

11.24 

1.449 


8 

1.448 

30 . o: 

1.364 


26 

1.364 

30.12 

1 . 254 


23 

1.254 

22.1.: 


* Lines taken for the calculation of lattice parameters. 



llie x-ray diffraction lines of the alloy A-3 were 
indexed based on the hexagonal type structure.^^ 

However, some of the lines could not be accounted for based 

33 

on this structure. Khan has reported that for RE 2 CO 7 

(RE = Ce, Pr, Nd and CeMM) the rhombohedral modification 

type) is the stable low temperature form whereas 
32 

Buschow has reported that both the modifications could 

coexist. In the present study the observed diffraction lines 

for the alloy A-3 could be accounted for only if both the 

modifications were assumed to be present (Table 4.:^)^ The 

lattice parameters calculated for both the modifications are 

shown in Table 4,4. All the X-ray diffraction lines of the 

alloy B-3 could be indexed on the basis of the rhombohedral 

34 

CegCOj^g-type structure and the lattice parameters calcu- 
lated for the MMgCo^g phase in the alloy B-3 are in close 

33 

agreemmt with the values reported for CeMM^Co^g by Khan 
(Table 4,4), 

Alloys 6 - 1 , 12-1 and 15-1 (Figure 4,1) lie between 
the 2x7 and Si 19 stoichiometries and the Fe content increases 
from 5.4 a/o in alloy 36-tl to 15 #2 a/o in alloy 15-1 (Table 
4,1), Their microstructuresshow two phases. These alloys 
were also analysed by TMA and the Curie temperature of the 
phases (Table 4.1) show a gradual increase from 67° c in 
alloy A-1 to 20Q°C in alloy 15-1 for the 2%T, phase. Simi- 
larly for the 5:19 phase the T^ was found to increase from 
220°C in alloy 36^® to 280‘’C in alloy 12-1. This increase 
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TABLE 4.4 COMPi^RISON OF LATTICE PARAMETERS OF STOICHIOMETRIC 
PHASES OF MM-Co SYSTEM mVH '■HIOSE OF Ce-Co AND 
CeMM»Co SYSTEMS 


1 1 1 . . 

I 1 

Phases [Structure [Crystal 
[type [symmetry 

1 1 

1 1 

1 t 

1 1 

1 1 

I J 


0 

Lattice parameters (A) 

: 

MM= 

-Co 

‘ 33 34 * 

; Ce««*Co : CeMM- 

1 f 

33 ' 

-C 0 

a 

1 

I Q- 

.1 _ 

I 3 

1 

1 i 

[ C [ ^ 

1 .1 - 

1 

* c 

1 iss. 

,1 

2 :7 

Gd 2 Co.^ 

rhomb . 

5 . 02 ^ 

36. 71^ 

4 . 95 ^ 

36.525 5.025 

36.7^7 


Ce 2 Ni .7 

hex . 

4.99q 

• ^99 

4 . 94 ^ 

24.470 - 


5:19 

P r^Co^g 

rhomb. 

S.Olg 

48.657 

4.947 

48.7^5 5 .OI 2 


1:5 

CaCUg 

hex. 

4.98^ 

4.008 

4.922 

4.03q 4.99^ 

4 .OO 4 

2:17 

'^^2^^17 

rhomb . 

8.472 

12.145 

8.373 

12 . 20 ^ - 
6 

- 


is attributed to the presence of Fe in these phases. . The 
2:7 phase does not exist in the RE-Fe binary system. The 
present study indicates the 2:7 phase extends into the ternary 
as a stable phase at least upto 15 a/o Fe. The 5:19 phase 
was not observed in alloy 15-1 and the alloy 12-3 contains 

V 

three phases. The 5:19 phase does not seem to extend to 
greater than 10 a/o Fe into the mm-Co— F e ternary. 

4. 3, 1.2 1:5 Phase 

The alloy c -6 (Table 4.1) was found to be a single 
phase and its X-ray diffraction pattern could be indexed on 
the basis of the ceCo^-type stmotnre. The x-ray diffra- 
ction data of the MMC 05 phase is given in Table 4.5. This 










TABLE 4.5 X~RAY 

DIFFRACTION DATA 

FOR MMCo^ PHASE 



a ' 

Hexagonal ” 

c : 

4.98o ^ 

4.00_ A 
o 


^obs. i 

, r-- ■ 

1 

Lbs. i 

1 

Lai. j 

1 

( h k .1 ) 

4.007 

3 

4.008 

0 0 .1 

2.930 

38 

2.936 

1 0 .1 

2.483 

29 

2.489 

1 1 .0 

2,154 

41 

2.156 

2 0,0 

2,113 

100 

2.115 

1 1.1 

2.003 

19 

2.004 

0 0 .2 

1.898 

17 

1.899 

2 0.1 

1.562 

16 

1.561 

1 1 .2 

1 .509 

14 

1.510 

2 1 .1 

1.468* 

21' ^ 

1.468 

2 0.2 

1.437 

5 ' 

1.438 

3 0.0 

1.352 

24 

1.353 

3 0.1 

1.245* 

31 

1.245 

2 2.0 

* Lines taken for 

the calculation 

of lattice parameters. 
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Figure 4.5 Microstructure of alloy 6«6. The matrix is MMCo^ 
and the minor phase is MM2COj^^. 



Figure 4'. 6 


' — ’ 

Microstructure of ^ioy 12-5. Ihe matrix is MMCo^ 
and the minor is MM^Co^,^* 


phase appeared initially in the alloy B-»4 and then increased 

in quantity with increasing cobalt concentration. The micro- 

structure of the alloy c-4, which contains , and 

MMCOg (matrix) is shown in Figure 4.4. The alloys c-6, c-7 

a^nd C“8 showed a single-phase (MMCo^) structure (Table 4.1), 

indicating the presence of a homogeneity region for this phase 

This is discussed further in the next section. 

Alloy 0-3 was prepared with synthetic mischmetal and 

contains no Fe. This alloy shows single phase, 1;5 both in 

in 

the microstructure andythe TMA. A number of alloys, o-8, 4-5, 

E-l, 6-5, 12-5 and E-2 (Figure 4.1 and Table 4.1) containing 

different amount of Fe along the 1:5 stoichiometric line were 

prepared. Alloys c-8, 4-5 and 6-5 show micros tructu rally 

single phase with a trace of second phase while the rest 

contain 1:5 as the predominant phase with small amount of the 

second phase. The second phase present in the alloy E-2 was 

38 

the 5:19 phase as evidenced by its TMA. The TMA pattern 
of the alloy 12-5 (Figure 5.6, Chapter 5) does not show any 
magnetic transition corresponding to the 5:19 phase. Hence 
the second phase seen in the microstructure of alloy 12-5 is 
attributed to 2:17 phase (Figure 4.5). Similarly the second 
phase seen in the alloy 6-6 (Figure 4.6) which gets etched 
brighter than the matrix 1:5 phase is attributed to the 2:17 
phase. In^earlier study the composition of 1:5 phase 
was reported to deviate towards higher Co content as the Fe 
content in the 1:5 increased. But the present study shows 



no such deviation from the ideal stoichiometric line end 
the 1:5 phase exists as a stable phase at 900° C at least upto 
17 a/o Fe in the MM-Co-Fa ternary system. 


4. 3. 1.3 2:17 Phase 

A phase having a crystal structure of the Th 2 ^n^^ 
type first appeared in the alloy C^9 and increased in quantity 

with increasing Co concentration (Table 4.1). A single phase 

» 

of stoichiometry 2:17 was obtained for the alloy D“5, the 
X-ray diffraction data of which is given in Table 4,6. In 
between C-9 and D-5, MMCo^ and MM 2 Co^^ are present. The 
microstructure of the alloy C-11 in which the bright 
is precipitated along the grain boundaries of MMCo^, is 
shown in Figure 4,7. The binary La-Co system does not have 
the La 2 Co^^ phase. However/ in the present study it was 
found that natural mischmetal/ which contains about 20 w/o La, 
forms a stable MM 2 Co^^ phase and the observed x-ray diffr- 
action lines for this phase could be indexed on the basis of 


the Th 22 n^^ rhombohedral structure. 


This phase extends 


far Into the ternary system and possibly upto the binary 

, , I--' ^ 0 , 


4 , 3, 1,4 p-<?o Phase ' • ; v , 

In^addition to the stoichiometric phases, a 
Co— F0 jhase was fotind . to coexist with on the Co— rich 

side of 2:17 stoichiometry, %n other alloys, the 

alloy D-IO (Figure 4.8), which contained about 40% of this 



Figure 4.7 


The microstructure of the alloy C-ll. The matrix 
is MMC 05 with MM^Co^^ at the grain boundaries. 




V,,;: 


'ioure 4.8 The rnlcrostmcrhir© of the alloy D-IO 
^ ia,MM 2 Co^^ wi^ ielartds of p-Co. - 


The matrix 



TABIjE 4.6 X-RAY DIFFRACTION DATA FOR MM Co.„ PHASE 

jL X / 

Rhombohedral a : Q.Al^ A 

c : 12. 14^ A 



3.138 

4 

2.9 29 

41 

2.837 

8 

2.689 

8 

2.513 

9 

2,431 

36 

2.347 

34 

2.102 

60 

2.085 

100 

2.042 

41 

2.031 

44 

1.870 

31 

1.833 

8 

1.804 

5 

1.745 

5 

1.611 

6 

1.562 

5 

1.480 

15 

1.476 

15 

1.464* 

25 

1.403 

5 

1.326 

15 

1,315 

5 

1 . 256 

8 

1.214* 

31 

1.209 

8 

1.203 

6 

1.200 

8 


■* Lines' .teKen 'for the 


3.139 

20.20 

2.9 26 

11. 3C 

2.806 

10.40 

2.703 

21.10 

2.523 

21.20 

2.446 

30.00 

2.339 

20.4:' 

2.118 

22 .o;: 

2.09 3 

31.3.J 

2.047 

21.4: 

2.024 

00 , 6(. 

1.877 

22. 3t 

1.826 

11,6 ' 

1.814 

40,10 

1.737 

22.40 

1,606 

11.70 

1.559 

30. 6C 

1.489 

41. 3C 

1.471 

21.70 

1,464 

40.50 

32.40 

1.412 

33.00 

1.333 

33.37 

1.321 

50.4 

1.256 

41.6.. 

1.214 

00.10 

1.222 

60.0 

1.217 

60. i: 

1.200 

10.10 


of lattice parameters. 



phase / was not brittle. The x-ray diffraction results 

confirmed that it existed as f.c.c., p-Co. The p-Co phase 

was analysed using electron probe micro-analyser (EiJMA) for 

the presence of any rare earth elements. Figure 4.9 shows 

an EFMA trace of P-Co and the iyiM 2 Co^^ phase of the alloy D-10; 

it was analysed for the three 3d elements, cobalt, iron and 

nickel, and for the five rare earth elements cerium, lanthanum, 

neodymium, praseodymium and samarium. For both the phases, 

except for Co, the elements were probed at the same X-ray 

intensity scale ( 300 counts per second) . It can be seen that 

the P-Co phase contains predominantly Co with small amounts of 

Fe and Ni and contains no detectable amount of RE elements. 

18 

The binary phase diagrams of the RE-Co systems also show 

1 

the absence of terminal solid solubility of rare earths in 
cobalt, 

4. 3. 1,5 X- phase 

A phase having a T about 340° c was observed for 

o 

a number of alloys adjacent to 5:19 stoichiometric line on 
the Co rich side and the region where it was detected is 
shown in hatched form in the MM— Co-Fe phase diagram ( Figure 
4.1). This phase was initially suspected for the 1:4 type 
phase based on similar such evid^ice reported by stmat for 
Pr-Co system, in order to confirm this mmCo^^q alloy 
(C-0) was prepared and its TMA curve was obtained which is 
sh«ffi in Figure 4,1b# it is seen from this figure, that the 
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! (B) MM2 Co^ Y 


2'199 ( 300 ) 
2-370 ( 300 ) 
2-463 ( 300 ) 
2-561 ( 300 ) 

2 - 6^5 ( 300 ) 


Wave length 


PlG*4*'9 AN'-EPMA TRACE OF. THE ALLOY' '0-10 
' analysed for 3d AND RARE EARTH 

ELEMENTS IN /3 - Co AND MM 2 Cor? 




340° c transition still remains a minor one. It occurs in 
the 900° C annealed alloy and is absent in the as-cast and 
1000°c annealed alloys ( Figure 4.11) . MMCo^^q alloy annealed 
at 700° C had similar TMA pattern as that o£ the 900° C annealed 
alloy. Also this phase was not present in alloy C-3, 6-4 and 
E-1 which are close to the 1:5 stoichiometric line (Figures 
4.1 and 4.10) suggesting that this could not be due to 1:4 


type o£ phases. 

Alloy 0-2 which lies on the binary MM-Co line also : 
shows a TMA pattern much similar to that of the C-0 alloy for 
its alloy annealed at 900° C for 7 days. According to phase 
rule the alloy 0-2 should not show a third phase if it were a 
true binary MM-Go alloy. Interestingly the magnetic transi- 


tion temperature of the X-j^ase is close to the Curie temper- 
atare of tha La^co.g Phase^° ( 343“C). A comparison of the 
perltectlo t«.peratures of the different Intermetaillc phases 
in the RE-Co system for RE = ce, I,a,«d and Pr (Section 1.3.1, 
Chapter 1) indicates that for ah'! 

tectio temperatures are lo«er by about 300«C from the other 
BE,Co„ and RE^CO, phases, .aether this will have any effect 

^ ^ '-js’t rn fron the MMt-COaQ is not known. 

Oh phase separation of from tjr 5 19 

for certain. The x-ray diffraction results of MMCo^^q 

did not reveal this phase possibly because the La^Co^^^ and 

MMcCo.q have ve3cy:'"close.'^ la;i;tioe parameters. However, 

^ could be obtained for the 

the midrostr(ictU'fe^^^an evi^^,^ QOiiJ-a o 

But wether it 
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is really due to is yet to be proved by using other 

techniques like EBiA. 


4, 3, 1,6 High Pe Containing MM-Co-Fe Alloys Between 2%1 

and 1:5 Stoichiometiisles 


The phases o£ alloys present in this region all have 

closely related crystal structures and their X-ray diffraction 

results could not give unambiguous evidence for the identity 

of the phases. Hence TMA was used as a reliable technique 

to establish the identity of the phases. While the low Fe 

containing phases in this region had T less than 500° c, some 

c 

of the phases with Fe content greater than about 10 a/o have 
T greater than 600° c. This is shown for alloys 12-3 and 

Vi# 

15-4 in Figure 4,12 where a definite evidence for a third 
I^ase is indicated in their TMA patterns. However since 600° c 
is the safe upper limit of the high temperature oven used in 
this study, their T could not be determined. Alloy 15-1 

V# 

* 2 ' ' 

shows - phases only in the micros true tu re. Hence based on 
the microstructural results and tdie incomplete tma results 


a tentative three-jhasG region ie indicated in the MM-Co-Fe 
phase diagram. 


4,':3^,2 Homogeneity Region of,''l:s'5 'Phase 

' '", 3 ' 

In the study ij;,of the diffraction patterns of 

the alloys hear ls5 ^toldhi^tty# a systematic shift in 


the 2# positiont'o£’;'ilie'":^.|pay:'d^^t^^ MMCog 


phase 




'ihe shift' :wad‘';distinctly visible on 




Heating curves 


200 '. • 300 -; 

. Teim.perature 


temperature 

. 900 °C, 7 






cx>existd wit3^ ^ two 
other minor. 
(white, ls5t ahd 


the hi^ angle (2© >100M side and is given in Table 4.7 
for the planes (30.1) and (22.0) of the MMCOg phase. The 
X-ray diffraction peaks of these planes v^ere scanned at a 
slow rate (0.2® /min) in order to read the 2© value accurately 
(+ 0 . 02 ® ) . 


TABLE 4.7 

VARIATION 
LINES OF 

IN THE POSITION (2©) OF X-RAY 
1:5 PHASE WITH COMPOSITION 

DIFFRACTION 

I 

Alloy i 

i 

Composition { 

30.1 

1 

1 

1 

. - - 1- 

22 

.0 

• 

1 

1 

J* 

Rare 

earth 

"T 

1 

I 

■1 

1 

1 

2®Cr j 

1 

d ik) i 

1 

u 

o 

CD 

1 

i d (k) 

1 

1 

t 

f 

a/o 

5 w/o 

f 

1 

1 

1 

1- 

1 

1 


1 

1 

In - 

C-1 

19,5 

36.5 


115.00 

1.3574 

132.92 

1.2487 

C-2 

X8 *8 

35.5 


115.05 

1.3570 

132.95 

1 .2485 

■O***"^ 

17,4 

33.6 


115.10 

1 ^3566 

133 .01 

1.2482 

c-7 

16,9 

32.7 


115.33 

1.3549 

133.37 

1.2466 

C-8 

16,4 

31,8 


115.45 

1.3538 

133.62 

1.2454 

C— 10 

15 ,9 

31,0 


115.48 

1,3537 

133,66 

1.2452 

C-11 

15,1 

29.8 


115.52 

1.3535 

133.72 

1.2450 

C-12 

14,6 

28.9 


115.59 

1.3530 

133.78 

1.2447 


me x-ray diffraction and micros tructu re results 
given in' Table' 4,i also shows; that ■■■"the alloys c-6, c-7 and 
C-S art' single ‘phase MHCOgitfsing-^^ reflections (30.1) 
and'(2i*0)' ■■'' ( Table'^' 4 . 7 )', thf"latfi'''de"J^iram6t6rs a and c of 
the'. MMCOg' "phase wer©''‘'"Cal'^ia^ted;#:r- ^variation' of the 


parameters a and c with composition is shown in Figure 4.13. 
In the single phase region, between alloys c-4 and C-IO 
(Table 4,7) a decreases and c increases (with a consequent 
increase of c/a) with increasing Co content. This is in 


agreement with the variation of lattice parameters reported 

17 19 

by Buschow et.al. and by Khan in the homogeneity region 
of RECOg phase (RE =s Sm, Ce, Pr and Nd). Khan^^ has reported 
the existence of a homogaaeity region for ceCo^, PrCo^ and 
NdCOg near 1100®C, The present study shows that mischmetal 
whidh is a mixture of Co, La, Nd and Pr also has a homogeneity 
region for the MMCog phase extending over 2 w/o (1.5 a/o) 
rar&»earth at 900° C and its width is comparable with that 
ri(W>ort®d Ly Khan^*^ for the CeCog phase- 

in the pres«it study the homogeneity region was 
studied only for 1*5 phase alloys containing about 3 a/o P®. 
It was not studied closely for low as well as high Fe cont- 


aining 1*5 alloys, 


4.3*3 Phase Stability of MMCog 

■me alloy c-6, ..whlcii is^singlerPhase HMC05 at 900°c, 
gave an interesting'microstEUCtsure ^eh annealed at 700 c for 

30 days { Figure 4*14)* A bright WH 2 COj^^ appeared along 

■ ■■ * 27 

the grain boun<larles 6f the. ^ 

, obtainea ,e‘ni»llac mlorastri^^ n*° 5 annealed 

"at 62C^c/or * entectoid 

^ reaction -in whlc£'"'the"%dCpJ' ^ 


at 620“ c.' for 8 wee'ks 

' ceaotion 'in ,»diicii-tho-'N.dC,^ 










l:i!>-W0. 
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and Nd 2 COj^^/ the latter appearing as bright grain boundary 

precipitates and the former appearing as dark parallel lines 

inside the NdCo^ phase with different orientations in each 

grain. X-ray evidence has been given only for the Nd 2 Co^ 

product phase. In the present study it was observed that the 

extent of decomposition of MMCo^ even after annealing for 30 

days was so small ( <^5%) that clear X-ray evidence could not 

be obtained for the product phases. Since the addition of 

iron to the phase of stoichiometry US has been reported to 

41 

raise the eutectoid reaction temperature, two alloys E-1 
and E-2 (Table 4.1) containing 5 and 15,2 a/o Fe respectively, 
wer© prepared using synthetic mischmetal and high purity Fe 
and Co ( . Ihe synthetic mischmetal contained high 
purity (^ 99 . 9 %) rare earth elements in approximately the 


same ratio as that in natural mischmetal. 

In Table 4.8 the X-ray diffraction results of as-cast 
and annealed alloys of E-1 and E-2 are shown, in the as- 
cast condition both E-1 and E^2 contain predominantly MMCo^ 
with a small amount of MMgCOj^^. ihe same alloys on annealing 
at'''700®C £or''30,5,days gave,^ew::^^fl 0 ctions^ belonging to^.the • 






Ih0''micrpstructut0^..;b^^ alloys E-1 and, E-2 ^ 
^aieal'ed" at 700 ®C''for: 3 <t'days>»^ shown in Figu^res 4.16 and 
‘^For^,the;^al3by^^'^^ ^2^°17 is ^^preci- 

pitated along;J^'^|rain:J^^^^ and inside the grain 
( Figure '4' *15)' whereas iJl' they aj^ear as 



"tur® o£ title alloy E-l after annealing 
n is piresent at the grain boundaries 
,ark regions are MM5C019 and MMCO5. 
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separate grains (Figure 4.16). However, it was not possible 
to prove the absence of the parent MMCo^ phase in these alloys 
because all the strong X-ray . diffraction lines of MMCo,- over- 
lap with thos© of ©ithor th© MMj-Co-|q or th© mm Co phas© 

D X y 2 17 

(Table 4.8). In the microstructure also no clear evidence 
could be obtained for this. Hence these alloys were further 
studied by thermomagnetic analysis. 

In Figure 4.17 the TMA curves for the as-cast alloy 
of E-1 and for the alloy of E-1 annealed at 700° c for 30 days 
are shown. For the as-cast alloy a strong magnetic transition 
near 541° C and a weak magnetic transition at 240° c can be 
seen^ belonging to MMCo^ and MM^Co^g respectively, on 
annealing, the MMCo^ magnetic transition is greatly reduced 
and that of MMj.Co^g becomes prominent. The magnetic transi- 
tion corresponding to the MM^Co^^ phase could not be seen in 
this cu3cve because it has a higher ferromagnetic transition 

temperature, T than the upper limit of the high temperature 

O' ■ . 

oven used. These results prove that the E-l alloy annealed 
at 700° C contains mainly the MM^Co^g and MM^Co^^ phase with 
a small amount of the parait phase. 

The TMA curves of the allp^ E-2, which contains a 
greater amount of iron (15,2 a/o) than the alloy E-1 (5 a/o) 
show a different result (Figure 4,18). The MMCOg-magnetic 
transition observed for the a’S-cast alloy was totally absent 
for the alloy annealed at 700°<i ior 30 days, proving the 
absence of the' MMGog^ phase. '’'The' magnetic transition 



Cooling curves 
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TABLE 4,8 X-RAY DIFFRACTION DATA OF AS-CAST AND 700° C, 30 days ANNEALED ALLOYS OF E-1 AND E-2 
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corresponding to the RE-rich phase appeared at a lower temp- 
erature for both the annealed alloy and the as— cast alloy. 

Though this phase could be accounted for 5; 19 in the X— ray 
(Table 4,8) its Curie temperature is much lower (150°c) than 
that expected for a 5:19 phase (280°C). Also the MM-Co-Fe 
phase diagram (Figure 4.1) shoWs that the 5:19 phase does 
not extend beyond about 10 a/o Fe. It is possible that this 
phase is of 2:7 type rather than 5:19. 

4,4 Conclusions 

Phase equilibria in MM-Co-Fe system was studiedcat 900° C 
between 73 a/o and 92 a/o Co with Fe content upto 15 a/o. 

Six different phases MMCo 2 < MM^Co^ , MM^Co^^ , MMCo^^ MM 2 Co^!^ 
and p-Co were idaitified close to the MM-Co binary line, 
Ihermomagnotic analysis proved to be a better technique than 
X-ray diffraction for identifying the low cobalt phases, mmco^/ 
MM^Co- and MM_Co,» the ferromagnetic transition temperature of 
which wore found to be <;20°C, 67°C and 270° c respectively. 

The 2:7, Si 19, li5 and 2:17 phases were also found to exist 
as stable phases in the MM-Co-Fe ternary system. The 5:19 
phase was found to extend to -vt abcat lO a/o Fe while the 
2:7, 1:5 and 2:17 phases extend to greater than lO a/o Fe. 

In addition to the above phases, a phase with a T^ of 340° c 
Was found to coexist with 5:19 and 1:5 phases close to the 
5:19 stoichiometric line and the . region of its occurrence in 
the MM— Co— Fe system at 900° C is indicated. The phase on the 



cobalt rich side of 2:17 stoichiometry had p -Co structure 
with no solid solubility for RE elonents while MMCo^ showed 
a narrow homogeneity region at 900° c other phases did not 
show the presence of such region. MMCOr- was unstable at 

D 

temperatures below about 700° c. The decomposition was found 
to be sluggish in the low Fe ( <.3 a/o) containing 1:5 phase 
and hence evidence could be obtained only for the MM 2 Co^^ 
product phase. But in high iron 1:5 alloys (> 5 a/o) the 
decomposition at 700° c was rapid .and evidence could be 
obtained for both the 5:19 and 2:17 product phases by IMA. 
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5, MAGNETIC PROPERTIES OF MM-Co-Fe PHASES 

5.1 Introduction 

Primary magnetic properties of interest for permanent 
magnet production are (1) saturation magnetisation (4u;Mg) 

(2) magnetocrystalline anisotropy field (H^) and (3) Curie 
t«nperature. Material with high values for all these para- 
meters are excellent candidates for the production of high 
energy density permanent magnets. Hence it is very essential 

to characterise the different intermetal lie phases occurring ! 

1 — 2 

in the RE-Co systems for these parameters. Extensive studies 
have bean made on the primary magnetic properties of pure ^ 

, I 

binary RE-Co phases and the properties reported for the inter- I 
metallic phases in the RE-Co systems RE-b ce^ La, Nd, Pr and Sm j 

are summarised in Tables 6.1 and 6.2. | 

j 

5.2 Experimental ' 

The different intermetallic phases found in the mm-Co- 
Pe system were characterised for their saturation magnetisation 
and Curie temperature. The experimental procedure is the same ■ 
as that described under Section 3.2,3. The as explained 
under the section 3,^, 1,1 was not determined in this study. 
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TABLE 5,1, PRIMARY MAGNETIC PRCPERTIES OF RECo PHASES 

5 


1 

System [ 

— - - 1 

1 

Properties j 

i 

1 

Unit ; YCog 

1 

t 

1 

1 

.•LaCOc 

1 t) 

t 

■ 

1 ' 

1 

1 

; CeCOg 

■ 

1 

1 CeMMCOg 

PrCOg 

SmCo^ 

471 ( 20* c) 

s 

G 

10600 

9090 

7700 

8900 

12000 

965'0 

C 

"C 

648 

567 

374 

495 

612 

724 

( 20" C) 

KOe 

130 

175 

170-210 

180-195 

145-210 

210-290 

( Theoretical) 

MGOe 

28,1 

20,6 

14,8 

19.8 

36,0 

23.4 

.H 
i G 

oe 

6700 

3600 2800 

4750 

5750 

25000 


TABLE 5,2. 

MAGNETIC SATURATION AND ANISOTROPY AT 
RE 2 CO 7 PHASES 

20° C OF 




« 1 

t 

■ i 


^ 


Phase 

411 M„ 
s 

( 20 " C) i 

1 

(KOe) 


, 1 ■ 

t 


I ■ ■ ' ' I 


f 

• 

•'^1 

i 

„ : ,1 

( emu/g) 

; Gauss ; 

: 1..- , ' 


La^^Opy 


50,4 

5193 

171 

Pr 2 Co,y 


83.4 

8851 

105 

NdjCo, 


85.1 

9173 

28 
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5.3, Results and Discussion 

5,3,1 Saturation Magnetisation of MM-Co Phases 

The specific saturation magnetisation * erau/g) was 
determined for the stoichiometric phases in the mm-Co system^ 
The amount of the second phase in these alloys was 5% as 
detemined metallographically. The 4n: m of mm Co„, MM^Co-o 
and phases are shown in Table 5.3. 


TABLE 5.3, SATURATION MAGNETISATION OF MM- Co PHASES AT 20® C 


Alloy 5 Phase { 


Composition 
( a/o# analysed) 


411; M 


RE 


Co 


Pe ,*( emu/g) 


4n M 

r , 

t 

(emu/g) I 


M 




A«"3 

2*7 

22.9 

73.4 

B-3 

5*19 

. ''21.5 

75.0 

C-3 

1*5 

16.9 

80,3 

Dm4 

2ti7 

11.1 

87,1 


3.7 

29 

12 

0.41 

3.5 

44 

29 

0 , 66 

2.8 

95 

80 

0,84 

1.8 

114 

21 

0.18 


lOO 


The MMCOg phase has a 411: of 95 erau/g and a density of 

8*3 g/cc* This on conversion turns out to be 9.6 KG which 
is sli^itly higher than the value reported 1 :^ stmat^ for 
CeMMGOg phase (Table 5.1). The 4% M of the individual RECo. 

S 

phases differ considerably (Table 5,1). ihe higher value 

observed for the MMCo^ may be due to a different distribution 

of RE elements in the Indian mischmetal and due to the 

presence of about 6 w/o Fe as impurity in the Indian mischmetal. 

Ihe MM^Co^g has a 4% of 44 emu/g. Though it 

contains 75,0 a/o Co its 4it m_ is low by more than twice that I 

s 

of MMCOg which contains 80,3 a/o Co. The MM 2 Co^ phase which I 

contains 73,4 a/o Co shows a 4 7 iM of 29 emu/g only. However I 

® ' ■ I; 

no 4 7tM^ value is available for Ce^COj^g and Cq^o^j to (oompare with 

the observed values. Both Ce^Co^g and ce 2 Co^ are paramagnetic | 

at room temperature ( 25® p). The t^ of ce^Co^g is 20° c and i 

4 

that of 062^07 -110 c. I 

The MM 200 j _7 phase contains 87,1 a/o Co and shows the 
highest value for 4TtM„ as expected but on the contrary it has 

the lowest ratio of 0 * 18 ; MM 2 Co ^7 phase has been reported I 

5 ' ' 

to have an easy plane anisotropy in which case this low value | 

is explainitblo, | 

5,3.2 Curie Tempera tom i 

5*3, 2*1 T of Stoi<hiiorae trie Phases in MM^Co System - ! 

C ■ ' , , I 

The chemical ^d ^lase ccamposition of the alloys 
used for the the'tnwagnetic'Stu^ty, am given in Table 5*4, 
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TABLE 5.4. W PHASE COMPOSITION OP MM-Co-Pe ALLOYS 


Alloy 


Composi tion ( a/o, analysed) 


Phases (900°C, 4-10 d) 

l" " 

Microstructurel x^ray 
( number of | 

phases) ! 


A-1 

23.4 

72.8 

3.8 

2 

1:3 + 2:7 

6-1 

22,3 

72%3 

5.4 

2 

2:7 + 5:19 

12-1 

21.3 

67.3 

11,4 

2 

2:7 + 5:19 

15-1 

21.5 

63.3 

15.2 

2 

2:7 + 5:19 

B— S 

21,0 

75.6 

3.4 

2 

5:19 + 1:5 

C-1 

19 .5 

11 A 

3.1 

2 

5:19 + 1:5 

<0 

1 

u 

18,1 

79,0 

2.9 

2 

5:19 + 1:5 

S-1 

16.5 

83,5 

0 

1 

1:5 

0-3 

16,6 

83,4 

0 

1 

1:5 

6-5 

16,6 

77,0 

' '6*4' ;' ■ : 

1 

1:5 

12-5 

15,8 

71.9 

i'2.3 

2 

1:5 + 2:17 
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The thermomagnetic curves of alloys B-5 and S-1 

are shown in Figure 5.1. a magnetic transition near 60° c is 
obsQr\'ed for alloy A—l, since the composition of this alloy 
lies on the MM rich side of 2:7 stoichiometry this transition 
is attributed to the MM^Co^ phase. The second phase seen in 
the microstructure of the alloy should be the 1:3 i lase. As 
tills phase is expected to have a T^ much less than room temp- 
eratiire (20°C) its transition could not be observed in the 
present study. The alloy B-5 with composition on the cobalt 
rich side of 5:19 .stoichiometry shows no magnetic transition 
near 60® C confirming the absence of a 2:7 phase. A major fall 
in moment observed at 280° c is attributed to the 5:19 phase. 


For the alloy S-1, a magnetic transition corresponding to 
the 1:5 phase only is observed. The T^ values of these phases 
after correcting for the thermal hysteresis are compared in 


Table 5,5, with the literature values for low cobalt phases 





in binary RE-Co systems. It is interesting to note that a 


simple relation i,o 


could be used to" predict the:,T^ 
empos it ion of ' MM , and ' the 
example, this equatiori|'^h^;'^3 


purity RE elements and Co 
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TABLE 5,5, CURIE TEMP EEIAHJ RES IN ,®C OF RE-Co COMPOUNDS 



Ce 

-195® 

-110^ 

20^ 

374® 

£ 

810 

La 

Does not 
exist 

220° 

343^ 

567® 

Does not exist 

Nd 

122® 

355^^ 

441^ 

630° 

877^ 

Pr 

76® 

337^^ 

417^ 

612® 

898^ 

Sm 

250^ 

450^ 

(510 

724® 

917^ 

MM 

<20^ 

67^ 

27CP 

54 1^ 

>735^ 


a t Ref, 7; b t Ref, 8; c : Ref, 4; d : Ref, 3; 

e I Ref, 1; f * Ref, 9; p : present work. 


predicts a T^ of 491*e# v^ereas the experimental value is 






541® the difference being less than 10%, 

For the alloy B-5 two more magnetic transitions at 
350 and 517® C were observed (Figure 5.1), The latter was 
dun to MMCog present as a minor phase in this alloy -which 
was also detected, in the X«ray diffraction, Ihe new magnetic 
transition observed between the T^ of wMgCoj^g and MMCOg was 
also seen for a number of ^'loys near ls4 composition in the 
MM-Co system .and 'this has discussed under Section 
4,3,1, It is" S'Sen.^froro and 5,3 that the heating 

and 'cooling ^ irreversible, in 

the heating" 




near 


I'.-:':'-' 


Sibiwnt increases steadily and 




Spis;' fall,ing. On cooling 







^4 ^ " ‘'f^ *^> 


•V?3?i^' 


!),Njii!/(uj6/ nuja)|U3UJ0Uj oiiauSD^Aj 
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it takGs a diffarGnt path and the magnetisation at any given 
temperature is greater than that observed in the heating 
cycle. This behaviour was observed for most of the alloys 
studied and in particular for the as-cast alloys. In subse- 
quent heating and cooling cycles the curves were reversible and 
the peeking phenomena near the magnetic transition temperature 
was not observed. The 2;7, 5:19 and 1:5^^'^^ phases have 
large uniaxial magnetocrystalline anisotropy and consequently 
these phases will be very difficult to saturate at low fields 
like 40 oe. Hence the observed magnetisation for these samples 

are only a few percent of their saturation magnetisation. 

13 

Ihe of the MMCog phase has been reported to decrease 
monotonically with increasing temperature and vanishes near 
its curie point. This might be true for the other phases 
also in the MM-Co system. Hence as the temperature approaches 
the transition point vhere H^ also tends to vanish, a field 
of 40 Oe should be sufficiently high to increase the magneti- 
sation of the samples giving rise to the peaking phenomoia in 
the heating cycle, on cooling the magnetisation was observed 
to increase 2 to 3 times the value observed in the heating 
cycle. This suggests that increased number of magnetic 
domains s^t aligned in a direction parallel to the applied 
magnetic field in the polycrystalllne sairple during the 
cooling as a result of dtwdn grwth, in the subseejuent 
heating and cooling or cles tl^e chtves were reversible and the 
peaking phehoraenon' 'near ,the^^ t^-wss absent. This suggests 
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that the ma^etic domain configuration remains essentially 

the same after the first heating and cooling cycles, 

Th® Curi® temperature of the MM 2 Co^^ phase is not 

reported here as it has a T >700° which is beyond the 

o 

experimeaital safety limit of the high temperature oven used, 

5, 3, 2, 2 T of MM-Co-Fe Phases 

Ihe compositions of the alloys 12-1 

and 15-1 lie between the 2:7 and 5:19 stoichiometries. The 
micro structure of the alloys show 2 phases (Table 5,4), These 
phasos^re assigned to MM 2 Co^ and m^Co^g . The heating TMA 
curves of the alloys A-1, 6-1, 12-1 and 15-1 are shown in 
Figure 5,4, Their Curie temperature after correcting for the 
thermal hysteresis are indicated in Table 5,6, It could be 
seen that the Curio terrperaturo of both the 2:7 and 5:19 phases 
increase with increasing concentration of Fe, A three fold 
increase in the T of the 2:7 phase, from 70° c to 218° c, is 
observed as the Fe content varies from 3,8 a/o in alloy A— 1 
to 15,2 a/o in alloy lS-1 (Table 5.6). On the contrary only 
about 60® C raise in T„ is observed for the 5:19 phase as the 
Fe varies from 3,8 to 11.4 a/o (Figure 5.5). It is to be 
noted that the concentration of Fe listed in Table 5.6 is only 
the balk concentration of the alloy and the actual distribution 
of the Fe in the two phases 's»hen they coexist, need not be 
the same. Tlw* the observed lower raise in T^ for the 
could possibly be Oie to the lesser solubility of Fe in it 
than in .th©' 2*7 ^tias®. There ''is, also indirect indication 




perature ,, t „ \ , 

/ersus temperature Qt, 40 Qe 
Jj7.. alloys, 900 “C, / days 


Magnetic mom 




TABLE 5.6. 







5:19 


T^ OF THE 2:7 AND 5:19 PHASES WITH THE VARYING 
Pe CONCENTRATION IN THE MM»Co=Fe SYSTEM 


absent 


absQit 


a J Ref©r®icG 10. 

for this as the 5:19 phase extends to a lesser extent (<Mirll,4 
a/o Fe) into the ternary than the 2:7 phase (Section 4.3.1), 

Similarly along the 1:5 stoichiometric line alloys 

% 

0-3^ 6-5 and 12-5 were stud^-ed. These alloys contain differait 
amount of Pe and their microstructure revealed (Table 5.4) 
that the alloys 0-3 and 6-5 to be single phase 1:5 while 12-5 
contains scxne amount of other phase (<20%) in addition to the 
major 1*5 |hase» Ihe Tt^ plots of these alloys are shown in 
the Figure 5*6 and their T^corrected for the thermal hysteresis 
are shown in Table 5*7. The initially falls to 485‘’C at 
2.9 a/o Fe from 512f‘€ and.thw rises to 580° c at 12.3 a/o Fe 





Mofnetic moment , emu. 



Sr-M- 


Heating curves 


i, ...I' I v'il'A:'' X" .x. ' 

?0''''X;"'T0'0'': . ^'200' ^ '300'' ,, 

' , '' : x:; , : ' Tempcrat.urc 


Fig.S'6 Moynetisatio'n ver 


us temperoxjre 
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TABLE 5,7. PHASE WITH THE VARYING Pe CONCENT 

RATION IN THE MM-Co-Fe SYSTEM 


Alloy 

I 

1 

1 

1 

1 

1 

a/o Pe 

1 ' " 

i T„ (®C) 

1 ^ 

0-3 


0 

512 

-.a 

C-3 


2.9 

485 

6-5 


5.4 

532 

12-5 


12.3 

580 


a * Reference 11, 


5,4 Conclusions 

Ttie saturation magnetisation and curie temperature of 
the intermetallic phases in the MM-Co-Fe system were studied. 
The 4iu: M'i. of the li5 phase is 95 &m/g and that of the 2:17 
phase is 114 emu/g. Both the 2:7 and 5:19 phases have a value 
less than 45 emi/g. The of the stoichiometric 2:7, 5:19 
and li5 phases are 67® C, 270® C and 541° C respectively. These 
values weace found to increase with the increasing concentration 


of Pe# 
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6, PHASE RELATIONS AND MAGNETIC PROPERTIES 
OF g ALLOYS 

6,1 Introduction 

Widespread application of smCog permanent magnets is 
limxted by the high cost of Sm and the scarcity of cobalt. 
Attractive magnetic properties have been reported for SmCo^ 
alloys containing Cu,^”^ mm-Co^ and MM=.Co-Fe-Cu^ alloys 
also have useful permanent magnet properties of technological 
importan< 2 e<, but no systematic studies on phase relations and 
magnetic properties of MM-Co alloys containing Cu have been 
reported. Hence a systematic addition of Cu in place of Co 
was made In MMODg alloy to know (i) the extent of solid 
solubility of Qa in MMCo^ (ii) its effect on the phase 
stability of the 1x5 phase and (iii) its effect on 4 ti 

and T of 1x5 phase. The mischmetal used in this study has 

o 

the same composition as given under section 3,1,1, 

6*2 Experim«ital 

The melting and annealing of the alloys and the 
procedure of phase ^alysis are the same as described under 
Sections 3,1 and 3,2* In x-ray diffraction studies* for Cw 
rich alloys CU Kcw radiations gave better results than Co 
radiation, Ihe magnetisation ahd the Curie temperature were 
studied with a vibrating siSti^e magnetometer. To measure 
the 4 ie M f the sswple ' were'' pnw^fcSd, magnetically aligned 
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and then fixed in an epoxy resin, h field of 11 KOe was 
sufficient to saturate the aligned samples. The magnetisa- 
tion of the alloys as a function of temperature was studied 
in a low magnetic field of about 40 oe in order to determine 
their magnetic phase transitions. Solid pieces of about 0,1 
gm were used for this study . The experimental set Up is 

cLir0 

showi in Figure 3,2 and the procedures^given under Section 
3, 3, 1,3. 

6,3 Results and Discussion 
6,3.1 Phase Relations 

The CaCUg type phase is present in the entire 
composition range in (x = o to l) (Table 

6,1) , The low Gu alloys B-1 and B-2, annealed at 900° c 
contain 2fl7 and a new phase in small amounts in addition to 
the major ItS phase. The amount of 2:17 phase increases 
when these alloys are annealed at 700®c. The x-ray diffrac- 
tion patterns of alloys B-4 and B-5 show 1:5 phase both in 
900® c and 700® C annealed condition whereas their micro- 
structure gives a clear evidence for the presence of a small 
amount of a second phase also,, which gets etched brighter 
than the matrix,' Perry® reports that in Sm-Co-Cu system 
SmCOg ihase coexists with a Co phase on the transition metal 
rich side of l»3;j stpi<hicatJe1u^y .for alloys containing greater 
than 10 a/o Cu at ,.lt. io i^seible that this phase is Co. 



TABLE 6,1 CHEMICAL AND PHASE COMPOSITION OF MW, _( Co, Fe Cu ALLOYS 
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However, it could not foe confirmed foy x»ray since it is 
present in small amounts. The alloys B-6 and B-.7 melted on 
heating at 900° c and when quenched from 900° c showed 1:5 and 
1:6 phases. This is ' 'similar to a cecu^ alloy^ whidh. at 
900 C has a liquid phase in equilibrium with a solid phase 
(1:6), The MMCu^ phase has a SmCu^ type structure,"^ The 
orthorhombic lattice constants of MMCu^ are a : 8.132 
b s 5*099 A and c : 10,211 A. on annealing at 700° C the 1:6 
phase observed in alloy B-.6 disappears giving rise to 1:5 
phase, and a trace of a third phase (Co) observed at 900° C 
remains at 700° c. The alloy B-7 which contains no Co still 
shows 1*5 and 1:6 phases at 700° c. In binary Ce=Cu system 
these phases exist as line compounds with no homogaieity 
region and a slight deviation from the stoichiometry will 


result in two phase structure. The mmcu^ and mmcu^ phases 
differ by less than 4 w/o in their stoichiometries and the 
presence of tim jhase structure observed for the b^ 6 alloy 
is attributed to its slightly transition metal richer compo- 
sition than 1*5, The lattice constants, a and c of the 1:5 
phase in alloys B-1 to b- 7 increase linearly with increasing 
Cu concentration (Figure 6*1), This is similar to the 
results reported by lihl® for yco^-ycu^ and smco^-smcug 


^ ;; 














1 LATTICE PARAMETERS VS COMf 
OF l:G phase 






4 II Ms VS C0M,P0SITtGN Of- 


pH/, . 







120 


6*3«2 Magnetic Characteristics 


The replaconent of Co by cu in mmco^ lowers the 
4 7 cM^ from 95 emu/g to less than 20 emu/g at 50 w/o Cu 
( Figure 6,2) . 


Alloy B— 1 which contains 7,5 w/o Cu shows a Curie 
temperature greater than 500°c (Figure 6.3). mm-Co-Cu alloys 
close to this composition have been studied by Walkiewicz 
et.al,"^ and they reported an addition of 0,2 w/o Mg to 
alloys near this composition increases the to greater 
than 24 KOe. on further increasing the cu content the T 

c 

falls to 500° c at 14,5 w/o Cu (Figure 6.3) for the alloy B-2, 
to 320 C for the alloy B-.3 and to 230°c for the alloy B— 4 


(Table 6,1), Beyond 15 w/o Cu the fall in T is steeper with 

c 

increasing cu content. For all the alloys two common features 



were observed in their TMA curves measured in a low magnetic 
field* jSArstly the shape of the cooling curve was different 
from that of the heating curve, secondly the magnetisation 
of the sample increased manyfold on cooling. This is shown 
fob the alloy B-4 in Figure 6*3,; This was observed for the 


temperature depmdence of’'''ii^';','§ff-^^' phases in those alloys.^ 
The H. ' of ,th 0 4*5 phase "di©<r.^^'a^''' with increasing temperature 
and vanishes ;n®at‘;the''Oijri'^g)|b / ,,Hence':'ab a; fixed 
magnetic f be' easier at temper- 
ature close difference of 
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becausG of a thermal lag between the sample and the high 

tOTperatur© oven. The microstructures of the alloys B— 1 and 

3—2f in addition to showing the 1:5 contain 2s 17 and a new 

phase (darkly etched) in small amounts. As the 2s 17 phase 

is expected to have a greater than 600° c the magnetic 

transitxons correspondxng to it are not seen xn Bxgure 6,3/ 

whereas near 100° c there are indications in TMA curves of the 

alloys B-»l, B-2 and B-.3 for a third phase. Based on X-ray 

11 

results Labulle et.al, reported to have found a new phase 
CGg(CoCu)j ^2 ^ hexagonal Ceg(CoCu)^g in CeCo^ 5*^2^ 5 
alloy. However, no magnetic data have been reported by them. 
It is possible that the new phase may be of the latter type 
but it needs further confirmation by x-ray and EPMA study. 
Alloys B-5 and B-6 were also studied by TMA upto 
60Cfc and they do not show any magnetic transition above 20° c. 
The alloy B-7 ^idh is a mixture of MMCu^ and MMCu^ phases 
show non-zero magnetisation (^3 emu/g) at 20 ° c while CeCUg 
and CoCu-.^^ are paramagnetic at room- temperature. This is 
attributed to Fe present as an impurity in the mischmetal 
used 'in'- this -woJKk, 


12 


6,4 Conclusion 

The substi.tutich of Cu for Co in ^ 

alloys gives stable^ 1 * 5 ^ ^ entire range of compo- 

sition# At low GU concentration (21.5 w/o) 2:17 and a new 



phase coexist with the matrix Is 5 phase, Cu could be substi- 
tuted for Co up to 15 w/o in 1:5 with a not less than 500 c 
and 4 It M of about 70 emu/g. Beyond 15 w/o Cu both 4it 
and sibe considerably reduced. 
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7, PERMANENT MAGNET PROPERTIES OF 1:5 TYPE MM-Co ALLOYS 


7.1 Introduction 

Previous work on the development of mischmetal cobalt 
permanent magnets and the aims of the present work are given 
below, 

7.1.1 Previous Work on MMCo^ Magnets 

The first successful results on the permanent magnet 
properties of sintered MM-Co magnets were reported by Fellows 
©t.al.l subsequently Nagel^”^ and Narita^“^ have also reported 
the properties achieved for mmco^ magnets. The materials 
used, the processes followed and the properties developed 
for MMCOg them are summarised in Table 7.1. it could be 
seen from the table that the composition of mm used and the 
processes adopted for the fabrication of magnets are different 
in eadi case, lU-so the alloy composition used by Narita and 
Fellows et.al. is' close to stoichiometry which on 

sintering results ih a predominantly mmco^ phase magnet. 

The former used liquid phase sintering whereas the 
followed solid phases sintering on alloys of single composi- 
tion without low welting s^teping additive. The Bj, 

(BH) , values we;jte, not 'reppf^;;^ He proposes 


that the 

ooeurted, duc*ng::sLterin3:<»»f^fe,^«^^^'^^ of be. 




' si-f , ; ' . ' V . ■' ’'5'’ ?•' 



TAESjB 7,1 MAHaHALS USED, PRCX::ESSES POIiKJWED and PRCPiRTIES DEVELCPED FOR MMOJc HAGNETS 
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7 1 * Autis O'f tli0 P 3rss©nt Woirk 

U^lng oonimercial grade Indian mischmetal and cobalt 
{ cx^iiipositions are same as given under Section 3.1.1) work was 
undertaken ( i) to develop the process : comminution, compaction 
and sintering procedures to fabricate MM=.Co magnets (ii) to 
correlate the properties of the sintered magnets to their 
structure and ( iii) to identify the problem — areas in the 
development of MM-Co permanent magnets. 

7,2 Experimental 

The experimental procedure for the magnet processing 
are described in detail in Chapter 3 under section 3.3 and 
the steps involved are illustrated in Figure 3.3 together 

M 

with the materials and the e(®iipments used. The compositions 
of the alloys studied are given in Table 7.2, 


7.3 Rosmlts 


The pojcmancht magnet properties of mm-Co alloys were 
studied under three different .conditions: (D Resin bonded 

sample# (2) powder compacts,, ^d,43'Vp^intered pellets in 

the case of sintered pellets,' . the, properties obtained were 


monitored by studytoS 


re by x-ray diffraction, 




7*3,1 Rosin Bcmded 

Prior to it w.as necessary 

to soloct «n *w8»obriat®'' milling 'time that 
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TABLE 7.2 OP MM»Co ALLOYS USED FOR MAGNET 


1 

1 

Alloy f O'rmula ' ; 

KiAmmm* 


Composition (w/o. 

nominal) 


1 

1 

1 

— * 

MM 

1 

1 

I 

Co 

1 

1 

Pe* 

MMCo. e 

O' 0 O' 

40.9 


56,5 


2.6 

MMCo^ ft 

38.8 


58.7 


2.5 

MMCo^^q 

37.5 


60.1 


2.4 

MMCo^ 2 

36.5 


61.2 


2.3 

“== 4.4 

35.4 


62.4 


2.2 

“=°4.6 

34.4 


63.4 


2.2 ■ 

MMC 04 _g 

33.3 


64.6 


2.1 

“*=°5.0 

32.5 


65.4 


2.1 

ik 






MM Co, ft 

.fl 0 

31.4 

MM 

58.5 


2.0 

8.1 

Sm 




it 







30,3 

7.7 

MM 

Sm 

60.1 


1.9 


Pq , 'Iho imjpuri't®' P© in natural mischmetal is substracted 
(6 w/o assumed) and is shown separately. 

'ilif 

MM ^ Itie mischmetal contains 20 w/o Sm added intentionally 


give powders with maximum coercd.vit^?' • For this purpose 
MMto alloys with X lying between MMC03 5 and MMC05 were 
milled in I gm quanUi^ in a plastic container upto 20 hours, 
Iho powder whs -mixed' Wi^;';.an;;.:,^0f3 Ci(' in a definite ratio, 
aligned in a magnbtic\'|iald''.;andVsi# Th® 


4« of these 

m 



results' are/ i^c 


were measured and the 

.H 
1 C 
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could be obtained for 20 hours milled MMCOj alloy and it has 

a 41. Mg of 95 emi/g. Alloys on MM rich side of MMCo, all 

5 

have lower values for .H and 4 ixm 

1C s* 

In order to know the effect of Fe and other impurities 
present in natural mischmetal (Flints MM) on the .H - MMCo^ 
alloys were prepared with synthetic mischmetal containing 
pure ( ^ 99*9%) RE elements in nearly same ratio as in natural 
MM* Also an alloy of 1:5 composition was made by substituting 
20% of natural MM with Sm to know the effect of Sm addition 
on The results are summarised in Table 7,3, surprisingly 

the MMCog alloys prepared from both Flints mm and Synthetic 
MM show exactly the same value for .H , But the .H decreases 

X C X G 

markedly with increasing Fe content in alloys s-1 and s-2. 

An arbitrary addition of 20% sm to Flints mm increases the 

from 32CX) oe to 4950 oe, 

1C' 


7,3*2 Permanent Magnet Properties of Powder Compacts of 
MM-Co Alloys 

The permanent magnet properties, M^^, 
and . of field pressed powder compacts were measured 

for MM 4.2 ^4,8, alloys in order to select the best 

composition giving maximum value for Five grams of 

the alloys were milled asr ? tg 9 hours as described under 
Section 3, to make 2 or | pellets each weighing about 2 gms* 
The properties measwred f' 0 ^;;,these, green pellets are shown_ 


in Figure 7,2. 'The 




of t|ie pellets were between 


4.7 and 5.0 ^ 



41 TM (cmu/g 



(MG.X^) 


H (KOc) 


D *’’ / max 
MG 


MJ . i.^_i.ZlZ_-i_!0 ^ iO 

J 2 ■■ -1 0 -3 -2 -1 0 

H (KOc) : . H (KO2) 

INTRINSIC and: INDUCT ION OEMAGNETIS^f:tBfyi;&i)RVE^^^ 
lalMMCo^/, (blMMeot.^ :te) A^ 

rCWGCR C^i'-ilTACTS', ■' ; ' 





TABLE 7^3 CC!T>ARATIVE 3 'TJDY OF .H OF DIFFERENT RESIN BONDED MMCo^- MAGNETS 
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powder c»mpacts for eadi cranposition. Milling for greater 

than 6 hours increases .H for MMCo. „ but it lowers the B_. 

1 C 4,8 r 

Since the six hours milled powder compacts of MMCo^ q alloy 

show highest value for M /M (0,67) and (BH) (0,86 MGOe) , 

r s max 

the powdere compacts of this composition were first tried 
for sintering studies, 

7,3,3 Permanent Magnet Properties of sintered MM-Co Magnets 
and Their Structure 

A systematic sintering study on MM-Co alloy powder 

compacts was carried out varying the composition/ sintering 

temperature and time. The pulse magnetic field applied during 

pressing and the compacting pressure were maintained constant 

2 

at 13 KOe and 14 Tons/an respectively, for all the pellets 
used in the sintering studies. The density, M /Vl and ,H 

3 3* O ' 

of the powder compact and its sintered pellets were measured. 
The structure of the sintered pellets was analysed by X-ray 
diffraction, 

7.3.3. 1 MMCo^q Sintered Pellets 

The powder compacts of MMCo^ g prepared from 3 h, 

6 h and 9 h milled powders were sintered at 1000® c for 15 
mins, and their properties are shown in Table 7,4a to 7,4c, 

The three hours milled powder compact ( Table 7,4a) has an 
of 1890 oe, of 0,52 and a density of 4,9 g/cc. 

After sintering at 1000° c for 15 mins, the decreases to 
560 oe, the drops to 0,13 and the density increases to 

6.1 g/cc. Subsequent sintering at higher temperature (1060°c) 
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TABLE 7.4a PERMANENT MAGNET PROPERTIES OF 3 h MILLED POWDER 

COMPACTS AND SINTERED PELLETS OF MMCo- „ 

4,0 

" I 

.H ( Oe) |Dens(ii^^g/cc 
1 G I 


Treatment 



1. Powder compact 



0.52 

1890 

4.9 

2, 1000° c/15 min. 



0.13 

560 

6,1 

3. 1000° c/15 min. 

4 * 

1060° C/15 

min, 0.09 

520 

7.0 

4. 1000° C/15 min. 

4 - 

1060° C/30 

min, 0,08 

520 

8.0 

5 . 1000° C/15 min , 

+ 

1060° C/ 

0,06 

430 

8.0 


30 min, + 900° c/1 h 


TABLE 7.4b PERMANENT MAGNET PROPERTIES OF 6 h MILLED POWDER 
COMPACTS AND SINTERED PELLETS OF MMCo. „ 


Treatment 

1, Powder compact 

2, 1000° C/15 min, 

3, 1000° C/15 min. + 1060° C/15 min 

4, 1000° C/15 min. + 1060° c/30 min 

5, 1000° C/15 min, + 1060° C/ 

30 min. + 900° C/1 h 
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TABLE 7.4c PERMANENT MAGNET PROPERTIES OF 9 h MILLED POWDER 
COMPACTS #^D SINTERED PELLETS OF MMCo. „ 

4,0 


Treatment 

i 

1 

.H (oe) 
i c 

t 

I 

[Density, g/^ 
1 
t 

1. Powder compact 

0.57 

2400 

5.0 

2, 1000 ° C/15 rain. 

0.06 

520 

6.6 

3. 1000° C/30 min. 

0,05 

520 

6.7 

4. 1000° c/30 min. + 1060° C/15 

min. 0,05 

5 20 

7.0 

5. 1000° C/30 min. + 1060° C/ 

0.03 

340 

7.6 

30 min. + 900° C/1 h 





for longer time ( 30 m) increases the density to 8.0 g/cc but 

the M^/M and .H are further reduced to 0.06 and 430 oe 
r s 1 c 

# 

respectively. The same trend is observed for the 6 h and 
9 h milled powder compacts. The x-ray pattern of sintered 
pellet of 9 h milled powder compact is shown in Figure 7,3a, 
Surprisingly the expected mmCo^ phase is hardly detectable. 
The observed lines could be accounted for by^-Co and MM 2 O 2 
phases . 

7, 3.3 « 2 MMCo^ 2 Sintered Magnets 

• The permanent magnet properties of sintered pellets 
of MMCo- « composition are shown in Table 7,5 together with 
the values obtained for their powder canpacts, ihe sintering 
was done at 1060° C for 15 m. Both the M^M^ ratio and 
decrease on sintering. The X-ray pattern of sintered pellet 
of 6 h milled powder compact is shown in Figure 7.3b, The 



INTENSITY 



He -5 20 Oe 


MM Co^.^/Oh 

^SinVJ, 

? pellc* 


jHc^ 25000c 

^Ore.V 
:M«, , , ■ ' : 


MM C 03 . 5 / 3 ''< 
1000 *C '/' 15 m.' 
Sintered pctiet 


FIG. 7-3 X-RAY diffraction PATTERNS OF. SINT 
' T T .M (b) MMC04.2 AND (c) MMCo 
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TABLE 7*5 PERMANENT MAGNET PROPERTIES OF POWDER COMPACTS 
AND SINTERED PELLETS OF MMCo^ 2 


— r 

1 

Sample J 

1 

1 


1 

Treatmen t 

- - . : ,1 

M ^Mg 

.H (Oe) 

X c 

f 

|Density*.g/ 

1 

t 

1 

1 , MMCO^ ^/3 h 

a# 

Powder compact 

0,47 

1380 



b. 

1060° C/15 m 

0,22 

900 

- 

2 . MMCo^^ 2 /^ ^ 

a. 

Powder compact 

0.51 

17 20 

4.9 


b. 

1060° C/15 m 

0.23 

950 

7,7 

3, MMC 04 2 ^'^ ^ 

a. 

Powder compact 

0.52 

1890 

4.8 


b. 

1060° c/15 m 

i 

0.15 

770 

7.4 


observed lines could be accounted for viz, 2:17^ 1;5 ,^-CO 
and MM 2 O 3 phases. The 1:5 phase which was hardly detectable 
for the sintered pellet of MMCo^ g (Figure 7,3a) is present 
in this alloy together with 2:17 phase. The amount of^-Co 
phase is considerably reduced, in order to eliminate the 
presence of 2:17 and^-Co sintering was carried out for 
MMCOg 5 composition, 

7, 3. 3, 3 MMCOg 5 Sintered Magnets 

The M and .H of sintered pellets of 3 h 
vs 1C 

milled powder c»mpacts of MMCog g are shown in Table 7.6. 
Both the M yk and increase for the sintered pellets . 

The increase in .H is more than twice the value obtained 

1 c / ■ " 

for its powder compact. These values could be inGr®ased^^^^^^^^^^^^^^^^^ 
further by pulse magnetising the pellets at 60 KOe field*^^^^^^^^^^^ 
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TABLE 7.6 PERMANENT MAGNET PROPERTIES OF POWDER COMPACTS 

AND SINTERED PELLETS OF MMCo^ c 

o % ^ 


Sample 


Treatment 


MMCo^ 5/3 h a. Powder compact 0.40 860 »• 

b. 1000° C/15 m 0.58 2100 7.6 , 

magnetised at 

11 KOe 

c. Pulse magnet- 0.63 2500 7,6 

ised at 60 KOe 

d. 1000° C/30 m 0.58 2100 7.7 

magnetised at 

11 KOe 

The x-ray pattern of this pellet is shown in Figure 7.3c. 

The observed lines could be accounted for 1:5, 5:19 and 
MM2O3 phases. The 2:17 and ^-Co phases are hardly detectable. 
Though 1:5 is the predominant phase in the sintered pellet, 
still considerable amount of 5:19 is present. To reduce the 
amount of 5:19 phase, MMCo„ „ composition was tried for 

O ♦ O 

sintering, 

7, 3. 3, 4 MMCo^g Sintered Magnets 

The magnet properties for the powder compacts and 
the sintered pellets of MM Co ^ g are shown in Table 7,7, 
Sintering was carried out at three different temperatures 
1000° C, 1030° c and 1060° c for 15 m. The 3 h milled powder 
compact shows of 0,35 and of 1250 Oe, The increase 
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TABLE 7,7 PERMANENT MAGNET PROPERTIES OF POWDER COMPACTS 
AND SINTERED PELLETS OF MMCo^ o 

O 


Sample 


"'"F'" 

1 

I Treatment 

1 

1 

1 

1 

1 

t 

.H (Oe) 
1 c 

MMC03 8^^ 

h 

a. Powder compact 

0.35 

1250 


b, 1000° C/15 m, magnetised at 

11 KOe 

0.69 

4080 



c. 1000° C/15 m, magneti'sed at 

60 KOe 

0,78 

4900 

MMCo^ p/5 

h 

Powder compact 

0.35 

1030 



Magnetised at 11 KOe: 
a, 1000° C/15 m 

0.66 

3310 



b. 1030° C/15 m 

0.61 

2710 



c. 1060° C/15 m 

0.43 

1460 



Magnetised at 60 KOe: 
a. 1000° C/15 m 

0,64 

4130 



b. 1030° C/15 m 

0.70 

3400 



c. 1060° C/15 m 

0.53 

1800 


to 0.78 and 4900 oe respectively for a sintered pellet magne- 
tised at 60 KOe sintering at ta:nperatures higher than lO0O°c 
for . : : 5 h milled powder compacts leads to lower values 
only. Ihe x-ray diffraction pattern of 1000° c/15 m sintered 
pellet is shown in Figure 7,4 together with the X-ray pattern 
of the as- cast MMCo, „ alloy. The 5; 19, which is the predo- 
minant phase in the as-cast alloy, is not detectable in the 
sintered pellet. Also the MM^O^ peaks not present in 
as-cast alloy pattern appears prominently in the x-ray 



WM Co 


3-8 as cast 


CS) 



nUoy powder 






490 2' Oe 


1000 Cn5m 

Wintered i^'CSSlc 
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pattern of the sintered pellets suggesting that the oxidation 
should have occairred duringmillingor sintering operation. 

7.3,3o5 MMCo^ Q Sintered Magnets 

The MMCo^ Q alloy was milled for 3 h, 6 h and 9 h 

and the powder compacts were sintered at 910° c, 10OO“ c and 

1030° C. The MVk and .H values measured are shown, in 
r s 1 c 

Table 7.8, The 3 h milled powder compact sintered at 1000° c 

for 15 m shows a maximum M. /k of 0,83 and .H of 5250 Oe. 

rs 1 C 

The 6 h end 9 h powder compacts show lower values for their 
sintered pellets. The X=ray patterns of sintered pellets of 
3 h^ 6 h and 9 h milled powder compacts are compared in 
Figure 7*5 with the X^ray pattern of as-cast MMCo^ ^ alloy. 

The as- cast alloy contains 1:5 and 5:19 only whereas the same 
alloy after milling for 3 hours and sintering at 1000° c for 
15 m cnn tains mainly 1:5 and MM 2 © 2 * The sintered pellets of 
6 h and 9 h milled powder compacts show some amount of 2:17 
phase in addition to the 1:5 and the MM 2 O 2 phases- 

-I ' ’■■ ■ ■ ' ■' ■ ■ 

7. 3.3. 6 MMo.8®"'o. 2‘=°3.8 '“o.8®"'o. 2'7°4.0 Sintered Magnets 

The MM^ oSm^ oCo, „ alloy was milled for 3 h and 

w 0 O W a O o 

6 h and sintered at 1000° c for 15 m. On sintering the 
increased to more than three times their value for powder 
compacts and the h^M^^ ratio also increased appreciably 
(Table 7,9), The as sintered pellet of 6 h milled powder 
compact showed an .H of 1100O;v©«^ This increased to ^ 11000 
0 © on pulse magnetising at 60 KOe. As the peak magnetic field 
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TABLE 7.8 

PERMANENT MAGNET PROPERTIES OF 
AND SINTERED PELLETS OF MMCo. 

41: 0 

POWDER 

0 

COMPACTS 

Samplie 

1 " ' ■ ■ ■■ 

i 

! Treatment 

:L .. - 

1 

1 

... 1 - .. 

' "'i'" " 

j i“o ' 

-. 1 -' — — ■ - T- 

MMCo^ q/ 9 h 

a. Powder compact 

0.46 

2060 


b. 970° C/15 m 

0.28 

1460 


c. 1000° C/15 m 

0.30 

1460 


d. 1030° C/15 m 

0.26 

1290 

MMC 04 q /6 h 

a. Powder compact 

0.50 

1850 


b. 970° C/15 m 

0.38 

1720 


c. 1000° C/15 m 

0.35 

1290 


d. 1030° C/15 m 

0.29 

1250 

“’=° 4 .c/^ h 

Powder compact 

0.46 

1806 


Magnetised at 11 KOe: 




a. 970° C/15 m 

0,67 

3100 


b. 1000° C/15 m 

0.67 

3960 


c, 1030° C/15 m 

0.57 

3010 


Magnetised at 60 KOei 




a, 970° c/15 m 

0.77 

3870 


b. 1000° C/15 m 

0.83 

5250 


c. 1030° C/15 m 

0.76 

4210 
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TABLE 7,9 PERMANENT MAGNET PROPERTIES OF POWDER COMPACTS 
AND SINTERED PELLETS OF MMq oSmQ o AND 

^ 0 . 83 ^ 0 . 2 ^ 04.0 


Sample 

{ Treatmait 

CD 

1 

1 

J .H 

I X c 

! (Oe) 


a. Powder compact 

0.67 

2840 


b, 1100° c/15 m* magnetised 
at 11 KOe 

0.82 

7570 


c, 1000°c/15 m, magnetised 
at 60 KOe 

0.90 

9720 

“o.8S“o.2=°3.8/« 

a. Powder compact 

0 . 66 

3270 


b. 1000° C/15 m, magnetised 
at 11 KOe 

0.81 

11000 


c, 1000° c/15 m^ magnetised 
at 60 KOe 

0.92 

>11000 

“0.8®"'0.2=°4.c/2 

a. Powder compact 

0.59 

3530 


b. 1000° C/15 m^ magnetised 
at 11 KOe 

0.48 

3354 


available for characterising the magnets in the present study 
was only 11 KOe, the magnitude of its coercivity could not be 
measured. The ratio increased from 0.81 to 0.92 after 

pulse magnetising. The X-ray pattern shown in Figure 7.6a 
indicates the presence of 1:5 phase only together with 
considerable amount of MM^O^* 

The MMq sSmQ^ 2^04.0 alloy milled for 3 h and 
sintered at 1000® C for 15 m has lower values for M^^ and 
.H than its powder compacts (Table 7.9), The study of its 





— 
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X-ray pattern revealed the coexistence of the 2:17 phase with 
the 1:5 and the oxide phases (Figure 7,6b). 


7,3,4 Demagnetisation Plots of MM~Co sintered Magnets 


The intrinsic demagnetisation curves of MM-Co alloys 

with (Composition between MMCo^ ^ and MMCo^ q, all milled for 

3 h and sintered at 1000° c for 15 m are shown in Figure 7,7, 

The MMCo^ g/ MM<3o^ 2 ^<3 MMCOg g sintered samples show a 

lower than 1,5 KG and an .H lower than 3 KOe. A marked 

1 c 

improvement in both .H and B are seen for MMCo-, © and MMCo^ 

1C 1? ^ # o * 

compositions. The highest .H and B obtained for MMCo, ^ 
were 5250 oe and 4400 ICG respectively. On substituting 20% sm 


to Flints MM the (could be further increased to more than 

1 c 


11000 Oe, 


7,4 Discussion 

7,4,1 Resin Bonded Magnets 

The -H of the MM-Co alloy powders were characterised 

’w 

in the resin bonded state and a maximum ,H of 3200 oe (Table 

' 3- C ' 

7,3) was obtained for MMCog composition (containing 2-10% 

5? 19 as a second phase. This value is slightly lower than 
the value (3600 oe) obtained by Marita et al, for MMGbg. 

The Fe present as in^rity in natural mischmetal does not 
seem to have a deleterious effect on .H as the MMCOc alloys 

'1' '.G ■■ '3, ■ 

prepared from the Flints miscihmetal and Synthetic mischmetal 
show sane value for Howe-^er a small drop in is 




3h milled 

1000°C/15m sintered 
pulse magnetised 
at 60 KO<2 


MMag5mj,2C03.g/6h 

not pulse 

magnetised) \y^ 


MMC04.Q 


MM Co 


MMCo 


IG.77 1NTF<INS!C DEMAGNETISATION PLOTS OF SiNTEF<Er) 
.MAGNETS OF M M,' Co y 'ALLOYS'' 3'5«^ X-< 4*8 






9M ‘ 



148 


seen for the MMCo^ alloy (Table 7,3) whereas an increase is 
expected due to the presence of Pe, But MM contains other 
non-magnetic elements like Mg^ Ca etc. upto 1.4 w/o which 
might decrease the magnetisation. At high concentration of 
Fe (^2 w/o) the Fe seems to have a deleterious effect on 
jH , An addition of 20% sm to MM increases the .H to a 

1C 1C 

large extent* This was also observed by Nagel ^ for sintered 
magnets of MMCog containing Sm, This increase occurs as the 
addition of Sm increases the of the 1 j5 phase, ^ 

7,4,2 Powder Compacts 

A comparison of M of powder compacts of different 

alloys milled for varying times indicate that a compacts of 

6 h milled powder have higher M /M ratio than the 'ooiroact 

r s 

of 3 h and 9 h milled powders (Figure 7,2). A lower value 
for 3 h milled powder compact can be attributed to coarse 
powder particles which may contain multigrains. Similarly 
the decrease for the 9 h milled compact may be due to damage 
or oxidation of the powder as a result of prolonged milling. 

The MMCo^ g alloy milled for 6 h shows the highest M 
0.67, This value is still much less than the expected value 
Co,8--0,9). The powders in this study were pressed axially 
in 13 KOe field (of 100-200 millisecond pulse width) in a 
non-magnetic die where the punch tips were also of non-magnetic 
material* Application of a oontinuous magnetic field perpen- 
dicular to the pressing direction have been reported to 

' ' .. . ■ ' 

yield good alignment*' 
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7^4.3 Sintered MM-Co Magnets 

7. 4. 3.1 llie Occurrence of Oxide in MM-Co Sintered Magnets 

An oxide of the stoidhiometry MM 2 O 2 could be 

detected in all the sintered pellets. The MMCo. „ alloy after 

sintering at 1000°C for 15 m has.^=-Co and mm^O^ with a trace 

of 2 j 17, The presence of oxide in sintered SrrwCo® and MM,=.Co ^ 

magnets have been reported to an extent upto 0.5 w/o, 

8 

Ishigaki et'alv have made an exclusive study on the oxidation 
phenomena of SmCo^ during sintering and they report that the 
,H of the sintered smCOc increases with oxygen content upto 

JU ’m/ 

5000 ppm and then decreases at higher concentration. In 
samples containing 8000 ppm oxygen they could detect Sm 2 COj^^, 
Sm202/ CoO and hexagonal Co ^) , But in the mm=.Co sintered 
pellets the Co phase existed in f.c.c, formC^) and the oxide 
had the I<a202 type hexagonal structure. The lattice parameters 
and the X-ray diffraction data of MM 2 O 2 an 
MMCo^ g sample (Figure 7,3a) are given in Tables 7,10 and 7.11, 

7. 4. 3. 2 Compositional Shift in MM-Co Sintered Magnets 

The maximum obtained for different compositions 
of sintered fM-Co alloy is plotted in Figure 7.8 as a function 
of composition. It is seen that the reaches a maximum 

of 5250 Oe for MMCo^ q and it falls on either side of this 
composition, A curve of similar shape has been reported for 
SmCOg sintered magnets,^ But in that case the maximum 

. _ ( 16,9 a/c Sm) , Narita^ in his study 


-Co found in 


is observed at SmCo 




3h MILLED 
1000 °C/15m 
SINTERED 


mm Co 


FIG-7-8 INTRINSIC COERCIVITY VS COMPOSITION 
FOR SINTERED MMCOk ALLOYS 3-8:SX $ ^ 



151 


TABLE 7.10 X-RAY DIFFRACTION DATA OF MM 0 

^ o 

O O 

a: 3,86^^ A; b: 6,05^^ A; ^^ 2^3 hexagonal structure 



1 

i ^cal ^ 

I 

t 

--1 

— ; . 

! (h k.l) 

1 

1 

: ^ob 

t 

1 

t 

2© Ee 

( observed) 

3.349* 

3.349 

1 

0.0 

28 

33.6 

3,027* 

3,027 

0 

0.2 

31 

37.3 

2.9 28 

2.9 30 

1 

0.1 

100 

38.6 

2.243 

2.245 

1 

0.2 

28 

51.1 

1.936 

1.933 

1 

1.0 

31 

60,1 

1.731 

1.7 28 

1 

0.3 

21 

68.1 

* Lines taken for calculation of 

lattice parameters. 


TABLE 7.11 

X-RAY 

DIFFRACTION DATA OF ^ 

0 ,* ^ f £ • o • c 

?-Co 


^ob ^ 

1 

1 

• 

1 

1 

1 

- 

■^cal ^ 

— j 

; (h k 1) 

i 

1 

- 1 - - 

1 ■' ' '■ ' 

i "ob 

1 

1 

1 - - 

1 " 

; 2© Fe 

( observed) 

1 - - 

2.042 


2.041 

111 

100 

56,6 

1.768* 


1.768 

2 0 0 

52 

66,4 

1.250 


1.250 

2 2 0 

32 

101,5 

1.066 


1,066 

3 11 

36 



* Lino taken for calculation of latticje parameter. 
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of sintered MM=Co magnets found a similar shift in composition 
and reported that MMC 02 8 sintering turned out to be 

single phase MMCo^ with a maximum of 8.3 KOe. The 
composition of MM used by Narita is very close to the 
composition of the Indian mischmetal but the former contains 
1,9 w/o Sm and 3,9 w/o Fe whereas the Indian mischmetal 
contains about 6 w/o Fe and no Sm. This shift in phase 
composition can occur either due to the loss of RE by evapo- 
ration during sintering or by selective oxidation of RE, If 
it is due to evaporation then there should be a weight loss 
in the sintered pellets and no oxide should be present. But 
the sintered pellets of MM-Co alloys in this study show 
negligible weight loss (0,1 w/o) and contain considerable 
amount of oxide. 

The oxidation can occur in one of comminution and 
sintering operations or in both. In order to determine this 
the powder compact and its sintered pellets were analysed 
for their chemical composition. The analysis carried out 
for MMCo^ 2 shown in Table 7.12, 

The following points could be noted from the chernical 
analysis, (1) The total weight of the elements analysed is 
always less than 100%, in the case of as-cast alloy the 
observed deficit of 1% could be attrituted to the impurities 
present in MM that were not analysed but the def icit of 4 
to 5 w/o fob the powder canp acts and the sintered pellets 
could be accounted for only due to oxidation for which X-ray 
evidence is there for the sintered pellets. Since the powder 
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TABLE 7,12 CHEMICAL COMPOSITION OF AS-CAST, POWDER COMPACT 

AND SINTERED PELLETS OF MMCo. 

4 # z 


Sample 


Composition (w/o) 

'' I """ ”"l " 


Total 


Co ; RE ; Fe 

I I 


As- cast 

62.6 

/ 

34.2 

2.2 

99.0 

Powder compact 

3 h 

59.1 

34.2 

3.0 

96,3 

6 h 

58.0 

33.8 

3.1 

94.9 

9 h 

58.4 

33.6 

3.6 

95.6 

Sintered, 1000° c/15 m 

3 h 

59.2 

34.4 

3.1 

96.7 

6 h 

58.5 

34.1 

3.3 

95.9 

9 h 

58,4 

33,6 

3.6 

95,6 


compacts contain particles of few micron size the X-ray peaks 
were highly diffused and very weak. Hence the presence of 
oxide could not be confiJoneS unambiguously in the powder 
compacts. But the chemical analysis could be used as an 
indirect proof for it, ( 2) The compositions of the powder 
compacts and the sintered pellets are nearly the same 
suggesting that the factor causing the compositional shift 
( oxidation) occurs only during comminution and not during 
sintering, (3) The Fe content of the powder conapact is about 
1,5 w/o higher than that presait in the corresponding as-cast 
alloy, the amount being higher for the 9 h milled powder 
than for the 3 h milled powder. This is expected to come 
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from the wear of the stainless steel rods used as the 
grinding media. (4) Both for Co and RE the powder compacts 
show lower value than the as-cast alloy. This is only an 
apparent decrease and not a real one because the weight of 
the powder taken for chemical analysis includes the weight of 
oxygen also which actually goes into water during dissolution 
in the acid (^£ 20 ^ + eHNO^ 2 RE(N 02)3 + 3 H 2 O) . Thus the 
reference weight taken in the beginning should not be used 
as such for computing the percent composition of the elements. 
If we assume a 25-30% oxidation of RE to ^^2^3 5-10% 

oxidation of Co to CoO and make a mass balance analysis, then 
this difference in chanical composition between the as-cast 
and the powder samples could be explained. 


7, 4, 3*3 Structure and Properties of sintered MM-Co Magnets 

Maximum values for the coercivity was observed in 
those sintered pellets which contained 1:5 phase only. The 
presence of small amount of 5:19 does not seem to have 
adverse effect on But the presence of MM 2 Co^,^ which 

has easy plane anisotropy needs to be totally avoided to 
obtain improved jH , A maximum .H of 5250 oe was obtained 
for the MMCo^ q composition which contained MMCo^ and MM 2 O 3 
only after sintering, Na^ta"^ obtained a maximum value of 
8,3 KOe for MMCo-, o which after sintering at 1030° c for 

O O' 

30 m contained 1:5 only as determined by thermomagnetic 
analysis, owing to the presence of considerable amount of 

oxide, the 4ii M of the sintered pellet was 65 emu/g only 

B \ 
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whereas a value o£ 95 emu/g is expected for 

Consequently the maximum obtained for the oxide containing 
MMCOg was 4,5 KG only, Nagel et al,^ report that a post 
sintering heat treatment is essential to improve the but 
in tho present study no heat treatment was tried as the 
sintered pellets contained a large amount of oxide. Ihe 
minimisation of the oxide content and a suitable post sintering 
heat treatment should certainly improve the and E_ from 
the present values, 

7,4,4 Problem Areas in the Preparation of Sintered MM-Co 
Magnets 

Two main obatacles, oxidation and limitation of 
magnetic field ( of 11 KOe only for ciiaracterisation of 
were found out in this study, Ihe oxidation seems to occur 
in the p re- sintering stage and mostly during the comminution. 
The method of powder preparation is to be perfected or to be 
modified altogether to minimise the oxidation. For MMCo^ 
magnets containing a small amount of Sm, a magnetic field 
greater than 11 KOe is essential to measure the .H . 

1C 

7,5 Conclusions 

A maximum .H of 3200 Oe was obtained for MMCOr- 
1 G D: 

powders, On sintering at 1000° C a large scale shift ( 5 to 6 w/o) 
in ocmposition was observed as a result of oxidation^MMCo^ q 
alloy on sintering at 1000°c for 15 m contained only 1:5 
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phase together with MM_0 and showed an .H of 5 250 oe and 

- JL 01 

a of 4,5 KG, A 20% substitution of Sm for the natural 
r . 

mischmetal increased the value of to greater than 11 KOe, 
ihe oxidation seems to .occur during f±ie pre-sintering stage^ 
mostly during the period of powder preparation. 


# 
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8., CONOjU SIGNS AND SUGGESTIONS FOR FUTURE VflDRK 

Phase relation ^ips in MM-Co-Fe system between 2:7 
and 2:17 stoichiometries with Fe content upto 15 a/o were 
investigated and a 900® c isothermal section of the NM-Co-Fe 
phase diagram was obtained. The MM-Co-Fe phases between the 
2i7 and 1*5 stxjichiometries are structurally closely related 
and show very similar ]<^ray patterns. Hence extensive thermo- 
magnetic study was carried out in addition to x-ray diffraction 
and metallography in order to confirm their identities. The 
sequence of occurrence of phases in the binary MM-Co system 
was found to be essentially similar to that observed in a 
binary Ce-Co system, MMCo^/ mm 2 Co^, mm^Co^^/ MMCo^, MM^Co^^ 
and P-Co were found to exist in the MM-Co system between 73 
and 9 2 a/o Co, The 5:19 phase was found to extend upto about 
10 a/o Fe into the MM-Co-Fe ternary system whereas the 2:7, 

1:5 and 2*17 phases extend to greater than 10 a/o Fe along 
their respective stoichiometric (mm/Co) lines. A new phase 
with a T^ of 340®C was found to coexist with 1:5 and 5:19 
phases with a number of alloys between the 5:19 and 1:5 
stoidhiometric lines. The MM 2 Co^, MM^Co^g , mmco^ and MM 2 Co 2^.7 
were obtained in single-E^ase form and their standard x-ray 
diffraction data and crystal lattice parameters were obtained. 

A homogeneity region for 1:5 phase containing 3 a/o Fe was 
investigated and it was found to have a narrow homogeneity 
regicai at 900® C extaiding over 1.5 a/o Co. Phase stability 
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of 1;5 alloy containing different amount of Fe was studied 
at 700° c in view of their technological importance in the 
sintering process of these magnets. The MMCo^ phase was found 
to undergo an eutectoid type reaction and the increasing 
amount of Fe substitution (t!^5 a/o) for Co in the IsS phase 
was found to accelerate the decomposition rate at 700° c. 

In order to evaluate the suitability of the MM-Co-Fe 
phases for permanent magnets, the saturation magnetisation 
(4'n:M_) and Curie temperature (T ) were characterised for the 
2:7, 5:19, 1:5 and 2:17 phases in the MM-Co-Fa system. The 
MMCog and MM 2 Co^^ phases were found to have attractive proper- 
ties for both 411 M and T . The MMCOr- phase has a 4i!: M of 

S C D S 

95 emu/g and the MM^Co^^ has a 4 it of 114 emu/g. Both the 

2:7 and 5:19 phases have .. 47 t M less than 45 emu/g. The T 

s . c 

of the MMCo^/ MM 2 Co.y, MM^COj^g, MMCog and phases were 

found to be 4.20°C, 67°C, 280°C, 540° C and >700°C respect- 
ively, The T of 2:7, 5:19 and 1:5 phases were found to 
, c 

increase with increasing substitution of Fe for Co. From the 
point of view of 471 ; and both the MMCo^ and MM 2 Co^^ seem 
to be attractive for permanent magnet production. 

The addition of Cu to MM-Co alloys was made to know 
to what extent Cu can be substituted in the mmco^ phase with 
tolerable magnetic properties suitable for permanent magnet 
production. The study revealed that stable 1:5 phase coul<3 
be olJtained in MMC Co^__^Cu^) ^ alloys replacing Co with Cu 
upto 100%. The a and c of the hexagonal 1:5 phase were found 



to increase linearly with increasing Cu substitution. Both 

the 4ii M and T o£ the 1:5 phase were found to decrease 

steadily with the addition of Cu, It was found that Cu could 

be substituted upto 15 w/o with a not less than 500° C and 

a 4n:M of about 70 emu/g. Beyond 15 w/o Cu, both 47t M and 
s , s 

T were considerably reduced. 

MM=.Co alloys on the MM rich side of MMCo^ were 
processed to produce permanent magnets, A selected process 
parameters: alloy composition, milling time, sintering 
temperature and sintering time were investigated systemati- 
cally, The optimum milling time was determined by studying 

the .H of the powder produced rather than its average particle 
kL c 

size, A maximum .H of 3200 oe was obtained for the MMCOc 

1 c o 

powders. The powder compacts of MMCo alloys were sintered 

between 960 and 1030° c. Sintering at temperatures ‘^1000° c 

was found necessary to obtain high density ( ^ 9054 of the , 

theoretical density) for these alloys. The structure of the 

sintered pellets was studied closely by metallography and 

X-ray diffraction. On sintering at 1000° c, a large scale 

shift in composition (5-6 w/o) was observed. MMCo^ q alloy 

after sintering at 1000° c for 15 minutes contained only 1:5 

phase together with MM^O^. It showed an of 5250 Oe and a 

B of 4.5 KG, A 2054 substitution of Sm in Indian mischmetal 
r \ 

increased the ,H to greater them 11 KOe. Chemical analysis 

jL G 

and x-ray diffraction study revealed the presence of consider- 
able amount of MM 2 O 2 in the sintered pellets. The large scale 
shift in composition is attributed to oxidation and it seems 
to occur during the pre-sintering stage, mostly during the 
period of powder production. 
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In the MM-Co“Fe system the occurrence of different 
phases# their identities and the phase boundaries among them in 
alloys upto 10 a/o Fe are ilell established in the present study. 
Ihese informations should be sufficiently helpful in the succe- 
ssful fabrication of MM-Co-Fe permanent magnets. However, in 
order to complete the isothermal section the following things 
may be worthwhile to be pursued. 

1. Alloys containing ^15 a/c Fe and lying between 2:7 and 1:5 
stoichiometric lines (MM/Co) need further investigation by 
IMA at T 5> 600° C to draw the phase boundaries* 

2. The origin of occurrence of X phase between the 5:19 and 1:5 
stoichiometries need to be established whether it is due to 
any phase separation, 

3. The homogeneity region fot 1:5 phase was investigated for 

MM-Co-Fe alloys along a/o) Fe only. To draw 

the boundaries of the honogeneity region it is necessary to 
investigate it at different Fe concentration along the 1:5 
stoichiometric line. 

In the case of processing of MM-Co magnets of 1:5 type the 
following need to be pursued: 


1, The oxygen content of the sintered magnet should be reduced 
to a level of a few lOOO ppm or less in order to increase 
both the and .H of the magnets* The oxidation seems to 
occur mostly Airing the stage of powder production inspite 
of the use of sodium gettered toluene during milling. The 
powder may have to be dried in a better vacuum than used 
presently ( 500 p,) , 


2, 


A systematic post sintering heat treatment of the sintered 
pellets should be tried as it is expected to alter the ^ape 
of the demagnetisation curve with a consequent increase in 




and 

max 
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APPENDIX 1 


SPECIFICATIONS . QF RAW MATERIALS: MM, Co, Fe and Cu 


Material Source Purity /Composition At. wt. 


Co 1. Semi Elements, Inc./ 99.9% 58.93 

N.y., U.S.A. 

2. Moldex Co,, Bombay, 99*3% 

India 


Fe Gallard, Sciielsinger 99.9% 55.85 

M£g. Co,, N.y., 

U.S.A. 


cu Sani Elements, Inc., 99.9% 63,54 

N.y., U.S.A. ^ 


MM Mischmetal & Flints Commercial grade 140,82 

Pvt. Ltd., Allepy, COTiposition: 

Kerala, India 52.0% ce, 

20 . 1% La, 

15.7% Nd, 

4.8% Pr, 

6% Fe and 

1.4% unidentified 

impurities 
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APPENDIX 2 

COMPUTATIONS OF ALLOY COMPOSITIONS 

A procedure followed to prepare an alloy of composition, 
for example RECo^ 8^®0 2 Qiven. 

Assumption: (a) Total RE in MM =s 92.6 w/o 
( b) Fe in MM =s 6 w/o 

( c) Impurities in MM = 1,4 w/o 

( d) Effective gm, at, wt, 

of total RE in MM =* 140,82 gms. 

9 2,6 gms of RE S 100 gms, of MM 

140.82 gms of RE = x 140.82 = 152.07 gms of 

Fe in 152,07 gms of MM = 0,06 x 152,07 =s 9.12 gms 

'®=°4.8''®0.2 ^ ™<=°4.8^V®0.2-x> 
viiere x = 9.12/55.85 = 0.033 

Therefore materials to be weighed: 

(a) 152,07 gms of MM 

( b> 4,8 X 58,93 gms of Co 

( c) ( 0,2 - 0,033) X 55,85 gms of Fe 

w/o ratios of MMsCo:Fe to be 

weighed = 34,2:63.7:2.1, 



